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(57) Abstract 



A location system is disclosed for commercial wireless telecommunication infrastructures. The system is an end-to-end solution 
having one or more location centers for oucputting requested locations of commercially available handsets or mobile stations (MS) based 
on, e.g., CDMA. AMPS, NAMPS or TDMA communication standards, for processing both local MS location requests and more global MS 
location requests via, e.g., Internet communication between a distributed network of location centers. The system uses a plurality of MS 
locating technologies including those based on: (1) two-way TOA and TDOA; (2) pattern recognition; (3) distributed antenna provisioning; 
and (4) supplemental infortnaiion from various types of very low cost non- infrastructure base stations for communicating via a typical 
commercial wireless base station infrastructure or a public telephone switch network. 
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LOCATION OF A MOBILE STATION 



FIELD OF THE INVENTION 

5 The present invention is directed generally to a system and method for looting people or objects, and in particular, to a 

system and method for locating a wireless mobile station using a plurality of simultaneously activated mobile station location 
estimaton. 

BACKGROUND OF THE INVENTION 
Introduction 

10 Wireless communications systems arc becoming increasingly important worldwide. Wireless cellular telecommunications 

systems are rapidly replacing conventional wire-based telecommunications systems in many applications. Cellular radio teleptwne 
networks ("CRT"), and specialaed mobile radio and mobile data radio networks are examples. The general principles of wireless 
cellular telephony have been desaibed variously, for example in U. S. Patent 5.29S.I80 to Vendetti. et al. which is incorporated herein 
by reference. 

15 There is great interest in using existing infrastructures for wireless communication systems for locating people and/or 

objeas in a cost effective manner. Such a capability would be invaluable in a variety of situations, especially in emergency or crime 
situations. Due to the substantial benefits of such a location system, several attempts have been made to design and implement such 
a system. 

Systems have been proposed that rely upon signal strength and trilateraliiation techniques to permit location include those 
20 diKiosed in U.S. Patents 4.818.998 and 4.908.629 to Apsell et al. ("the Apsell patents") and 4.891.650 to Sheffer ("the Sheffer 
patent"). However, these systems have drawbacks that mclude high expense in that special purpose elearonics are required, 
furthermore, the systems are generally only cffeaive in line-of-sight conditions, such as rural settings. Radio wave surface 
refleaions. refraaions and ground clutter cause significant distortion, in determining the location of a signal source in most 
geographical areas that are more than sparsely populated. Moreover, these drawbacks are panicularly exacerbated in dense urban 
25 canyon (city) areas, where crron and/or conflias in tocation measurements can result in substantial inaccuracies. 

Another example of a location system using time of arrival and triangulation for location are satellite based systems, such 
as the military and commercial versions of the Global Positioning Satellite system ("GPS"). GPS can provide accurate position 
determination (i.e., about 100 meters error lor the commercial venion of GPS) from a time-based signal received simultaneously 
from at least three satellites. A ground-based GPS receiver at or near the objea to be located determines the difference between the 
30 time at which each satellite transmits a time signal and the time at which the signal is received and, based on the time differentials, 
determines the object's location. However, the GFS is impractical in many applications. The signal power levels from the satellites 

I 
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are low and the GPS receiver requires a clear. line-of-,i|ht path to at least three satellites above a horizon of about 60 degrees for 
effeaive operation. Accordingly, inclement weather conditions, such as clouds, terrain features, such as hills and trees, and building, 
restrict the ability of the GPS receiver to determine iu position, furthermore, the initial GPS signal deteaion pnjcess for a GPS 
receiver is relatively long (i.e.. several minutes) for determining the receiver's position. Such delays are unacceptable in many 
applications such as, for example, emergency response and vehicle tracking. 

Differential GPS, or DGPS systems offer correction Khemes to aaount for time synchronization drift Such correction 
schemes include the transmission of coteaion signals over a two-way radio fink or broadcast via FM radio station subcarrien. These 
systems have been found to be awkward and have met with limited success. 

Additionally. GPS-based location systems have been attempted in which the received GPS signals are transmitted to a 
central dau center for performing location calculations. Such systems have also met with limited success. In brief, each of the 
various GPS embodiments have the same fundamental problems of limited reception of the satellite signals and added expense and 
complexity of the elearonia required for an inexpensive location mobile station or handset for detecting and receiving the GPS 
signab from the satellites. 

Radio Propagation Background 

The behavior of a mobile radio signal in the general environment is unique and complicated. Efforts to perform 
correlations between radio signals and distance between a base station and a mobile station are similarly complex. Repeated attempts 
to sohre this problem in the past have been met with only marginal success, faaors include terrain undulations, fixed and variable 
clutter, atmospheric conditions, internal radio characteristics of cellular and PC systems, such as frequencies, antenna 
configurations, modulation Khemes. divenity methods, and the physical geometries of direa. refraaed and refleaed waves between 
the base stations and the mobile. Noise, such as man-made externally sources (e.g.. auto ignitions) and radio system co-channel and 
adjacent channel interference also affect radio reception and related performance measurements, such as the analog carrier-to- 
interference ratio (C/l). or digital energy-per-bit/Noise dens,ty ratio (£^) and are particular to various pomts m time and space 
domains. 



RF Propagation in free Space 

Before discussing real worW correlations between signals and distance, it is useful to review the theoretical premise, that of 
radio energy path loss across a pure isotropic vacuum propagation channel, and its dependencies within and among vanoos 
communications channel types, fig. I illustrates a definition of channel types ari^ng in communications: 
Over the last forty years various mathematical expressions have been devetoped to assist the radio mobile cell designer in establishing 
the pn,per balance between base station capital imrestment and the quality of the radio link, typically using radio energy field- 
strength, usually measured in microvolts/meter, or decibels, 
first consider Hata's single ray model. A simplified radio channel can be described as: 
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(Equation I) 



where G. = system gain in decibels 

Lp= free space path loss indB. 
F = fade margin in dB. 

If = transmission line loss from coaxials used to connea radio to antenna, in dB, 

miscellaneous losses such as minor antenna misalignment, coaxial corrosion, increase in the receiver noise figure due 
to aging. indB, 

lb = branching loss due to filter and circulator used to combine or split transmitter and receiver signals in a single 
antenna 

G,= gain of transmitting antenna 
G,= gain of receiving antenna 

Free space path loss' 1^ as discussed in Mobile Cmmunicitioni De«gn Fundamentals, William C 1. Lee. 2mi. £d across the propagation channel 

is a funaion of distance d, frequency 

f (for f values < I GHz, such as the 890-950 mHz cellular band): 



(And/cY (equation 2) 



where Pq^ = received power in free space 
'^t = transmitting power 
c = speed of light. 



The difference between two received signal powers in free space, 



A,=(l0)log[^].(20)loef^](^) 



(equation 3) 
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indiates that the free propagatk,o path la„ « 20 dB per decade, frequencies be^^een I GHz and 2GH^ experience increased values in 
the exponent, ranging from 2 to 4. or 20 to 40 dB/decade. which would be prediaed for the new PCS 1.8-1.9 GHz band. 



This suggests that the free propagation path loss is 20 dB per decade. However, frequencies between I GHz and 2 GHz experience 
increased values in the exponent, ranging from 2 to 4. or 20 to 40 dB/decade. which wouW be predicted for the new PC I 8 - 1 9 GHz 

band. One consequencefron.alocationpenpea.e is that the effedive range of values for higher exponents is an m^^^^^^^ 
frequencies, thus providing improved granularity of ranging correlatbn. 

Environmental Clutter and Rf Propagation Effects 

Aaual data colleaed in real-world environments uncovered huge variations with respea to the free space path loss 
equation, giving rise to the creation of many empirical formulas for radio signal coverage prediaion. Clutter, either fixed or 
stationary in geometric relation to the propagation of the radio signals, causes a shadow effect of blocking that perturbs the free 
space loss effea Perhaps the best known model set that charaaerizes the average path loss is Hata's. "Empirical formula for 
Propagation Loss in land Mobile Radio". M. Hata. IEEE Transacions VT-29. p, 3I7-32S. August 1980. three pathtoss modeb. based 
on Okamara's measurements in and around Tokyo. "Field Strength and its Variability in VHf and UHf land Hobile Service". Y. 
Okumura. et al, Review of the Electrical Communications laboratory. Vol 16. pp 82S-873. Sept. - Oct. 1968. 

The typical urban Hata model for was defined as = l^^- 



= 69.55. 26.161og(/)- 13.82Iog(/,,,)-a(^,,)-.((449-6.551og(//,,)l^ 

(Equation 4) 

^hereLHu = path loss, Hata urban 

^BS = base station antenna height 
''MS^ mobile station antenna height 
d = distance B$-M$ in km 



2{hMS' is a correaion faaor for small and medium sized cities, found to be: 
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for large cities the correaion faaor was found to be: 



= 3.2{logll.75hj^]^-4.97 
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(Equation S) 



assuming f is equal to or greater than 400 mHz. 



(Equation 6) 



The typical suburban model correction was found to be: 



L - / - 



log| 



SA[dB] 



(Equation 7) 



The typical rural model modified the urban formula differently, as seen below: 



^Hrural - L„„-4 78(logf)^ + 18.331ogf-40.94 [dBl ,r . 

*^ ' (equation 8) 

20 

Although the Hata model was found to be useful for generalized Rf wave prediaion in frequencies under 1 GHz in certain 
suburban and rural settings, as either the frequency and/or duner increased, prediaability decreased. In current praaice. however, 
field technicians often have to make a guess for dense urban an suburban areas (applying whatever model seems best), then 
installing a base statbns and begin taking manual measurements. Coverage problems can take up to a year to resolve. 

Relating Received Signal Strength to Loation 

Having previously esublished a relationship between d and P„. reference equation 2 above: d represents the distance 
between the mobile sution (MS) and the base station (BS); represents the received power in free space) for a given set of 
unchanging environmental conditions, it may be possible to dynamically measure P„ and then determine d. 

In 1991. UX Patent S.0S5.8SI to Sheffer uught that if three or more relat«,n,hips have been established in a triangular 
space of three or more base stations (BSs) with a location database construaed having data related to possible mobile station (MS) 
tocations. then arculation calculations may be performed, which use three distina P„ measurements to determine an X.Y, two 
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dimensional loation, which can then be projected onto an area map. The triangulation calculation is based on the fact that the 
approximate distance of the mobile station (MS) from any base station (BS) cell an be calculated based on the received signal 
strength. Sheffer acknowledges that terrain variations affea accuracy, although as noted above. Sheffer's disclosure does not account 
for a sufficient number of variables, such as fixed and variable location shadow fading, which are typical in dense urban areas with 
5 moving traffic. 

Most field research before about 1988 has focused on charaaerizing (with the objeaive of RF coverage prediaion) the RF 
propagation channel (i.e. electromagnetic radio waves) using a single-ray model, although sundard fit errors in regressions proved 
dismal (e.g.. 40-80 dB). Later, multi ray models were proposed, and much later, certain behaviors were studied with radio and 
digital channels. In 1 981 . Vogler proposed that radio waves at higher frequencies could be modeled using optics principles. In I98B 
10 Waffisch and Benoni applied optical methods to develop a two-ray model, which when compared to certain highly specific, controlled 
field data, provided extremely good regression fit standard enon of within I J dB. 

: In the Benoni two ray model it was assumed that most cities would consist of a core of high-rise buildings surrounded by a 
much larger area having buildings of uniform height spread over regions comprising many square blocks, with street grids organizing 
buiUings into rows that are neariy parallel. Rays penetrating buildings then emanating outside a building were negleaed. Fig. 2 
IS provides a basis for the variables. 

After a lengthy analysis it was concluded that path bss was a funaion of three faaors: (I) the path loss between antennas 
in free space; (2) the redaction of rooftop wave fields due to settling; and (3) the effea of diffraction of the rooftop fields down to 
ground level. The last two faaors were summarily termed 1^,^ gjyj„ j,y. 



20 



25 



L,^ = 57.1 + A + log(/) + R - ((18 log(//)) - 18 log 

The influence of building geomet^ is contained in A: 

t. 51og[(^)^] -91ogd + 20log {tan [2(h - H^g)] } 



R 



1 7H 



(Equatnn 9) 



(Equation 10) 

However, a subsantial difficulty with the two-ray model in praaice is that it requires a substantial amount ol data 
regarding building dimensions, geometries, street widths, antenna gain charaaeristics for every possible ray path, etc. Additionally, 
it requires an inordinate amount of computational resources and such a model is not easily updated or maintained. 

Unfortunately, in praaice cliitter geometries and buiMing heights are random. Moreover, data of sufficient detail has been 
30 extremely difficult to acquire, and regression standard fit erron are poor; i.e.. in the general case, these errors were found to be 40- 
60 dB. Thus the two-ray model approach, although sometimes providing an improvement over single ray techniques, still did not 
predid RF signal charaaeristics in the general case to level of accuracy desired (< lOdB). 
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Work by Greenstein has since devetoped Jrom tlie penpeaive meaiurement-based regrejjion modelj. as opposed to the 
previous approach of prediaing-first. then performing measurement comparisons. Apparemly yielding to the (aa that low-power, 
low antenna (e.g., 12-25 feet above ground) height PCS microcell coverage was insirfHcient in urban buildings, Greenstein. et al. 
authored "Performance Evaluations for Urban Line-of-sight Microcells Using a Huiti-ray Propagation Hodel". in IEEE Globecom 
Proceedings, 12/91. This paper proposed the idea of formulating regressions based on field measurements using small PCS microcells 
in a lineal microcell geometry {i.€, geometries in which there is always a iine-of-sight (LOS) path between a subscriber's mobile and 
iu current microshe). 

Additionally. Greenstein studied the communication channels variable Bit-Error-Rate (BER) in a spatial domain, which was 
a departure from previous research that limited field measurements to the RF propagation channel signal strength alone. However. 
Greenstein based his finding on two suspicious assumptions: I) he assumed that distance correlation estimates were identical for 
uplink and downlink transmission paths; and 2) modulation techniques wouhl be transparent in terms of improved distance 
correlation conclusions. Although some data held very correlations, other data and environments produced poor results. Accordingly, 
his results appear unreliable for use in general location context. 

In 1993 Greenstein. et al, authored "A Measurement-Based Model for Prediaing Coverage Areas of Urban Microcells", in 
the IEEE Journal On Seleaed Areas in Communiations. Vol. 1 1. No. 7, 9/93. Greenstein reported a generic measurement-based model 
of Rf attenuation in terms of consunt-value contours surroumling a given tow-power, low antenna microcell environment in a dense, 
reailinear neighborhood, such as New York City. However, these contours were lor the cellular frequency band. In this case. LOS and 
non-LOS clutter were considered for a given microcell site. A result of this analysis was that Rf prt^pagation tesses (or attenuations), 
when cell antenna heights were relatively low. provided attenuation contours resembling a spline plane curve depiaed as an asreroid. 
aligned with major street grid patterns. Further. Greensrein foumi that comn diamond-shaped Rf propagation k)ss contour? were a 
common occurrence in field measurements in a rectilinear urinn area. The special plane curve asteroid is represented by the formula 
X +y = r". However, these results atone have not been sufficiently robust and general to accurately tocate an MS. due to the 
variable nature of urban cluner spatial arrangements.. 

At Telesis Technology in 1994 Howard Xia. et al. authored "Microcellolar Propagatton Charaaeristics for Personal 
Communications in Urban and Suburban Environments", in IEEE Transaaions of Vehicular Technology. Vol. 43. No. 3, 8/94. which 
performed measurements specifically in the PCS 1.8 to 1.9 GHi frequency band. Xia found corresponding but more variable outcome 
results in San Francisco. Oakland (urban) and the Sunset and Mission Districts (suburban). 

Summary of faaors Affeaing RF Propagation 



The physical radio propagation channel penurbs signal strength, frequency (causing rate changes, phase delay, signal 
noise ratios (e.g.. C/l for the anatog case, or £,^, . Rf energy per bit. over average noise density ratio for the digital case) and 
Doppler-shift. Signal strength is usually charaaeriied by: 

• free Space Path Loss (1,) 



to 
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• Stew fading tess or margin {L,j^) 
' fast fading loss or margin (l^^) 

Loss due to slow fading includes shadowing due to clutter blockage (sometimes included in Lp). fast fading is composed of 
multipath reflections whicfi cause: I) delay spread; 2) andom phase shift or Rayleigh lading; and 3) random frequency modulation 
due to different Doppler shifts on different paths. 

Summing the path loss and the two fading margin loss components from the above yields a total path tess of: 

kotii ^ l-p kiow + l^ut 

Rderring to fig J. the ngure iilujtiatts key components of a typical cellular and PCS power bud^^^ 
increases the tfanjmitted power P„ by the shadow fading margin L,^ which i$ usually ^^^^^ ,he l-lpercentile of the 

slow fading probability density funaion (PDF) to minimize the probability of onsatisfaaorily low received power level P„ at the 
rweiver. The P„ level must have enough signal to noise energy level (e.g.. 10 dB) to overcome the receiver's internal noise level (e.g.. 
-I l8dBm in the case of cellular 0.9 GHz), for a minimum voice quality standard. Thus in the example P„ must never be below -108 ' 
dBm, in order to maintain the quality standard. 

Additionally the shon term fast signal fading due to multipath propagation is taken into account by deploying fast fading 
margin 1^.,. which is typically also chosen to be a few percentiles of the fast fading distribution. The I to 2 percentiles compliment 
other network blockage guidelines. For example the cell base station traffic loading capacity and network transport facilities are 
(uualiy designed for a 1-2 percentile blockage faaor as well. However, in the worst-case scenario both fading margins are 
simultaneously exceeded, thus causing a fading margin overload. 

In Roy . Steele's, text, Mobile Radio Communiations. IEEE Press. 1992, estimates for a GSH system operating in the 1.8 
GHz band with a transmitter antenna height of 6.4m and an MS receiver antenna height of 2m, and assumptions regarding toul 
path toss, transmitter power would be calculated as follows: 
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Table I: GSM Power Budget Example 



Pararneter 


UDlil VdlUc 


Wifl require 


'•slow 


14 




■■fart 


7 




■•'path 


110 




Min. RX pwr required 


•104 








TXpwr = 27d8m 



5 

Steele's sample size in a specific urban London area of 80.000 LOS meajuremems and data reduaion found a slow fading variance of 
a= 7dB 



10 assuming lognormal slow fading PDF and allowing for a 1.4% slow fading margin overload, tlius 

slow 2a = 14dB 
The fast fading margin was determined to be: 

» 

In contrast, Xia's measurements in urban and suburban California at 1.8 GHz uncovered flat-land shadow fades 
on the order of 25-30 dB when the mobile station (MS) receiver was traveling from ICS to non-LOS geometries. In hilly terrain fades 
of + 5 to -50 dB were experienced. Thus it is evident that attempts to correlate signal strength with HS ranging distance suggest that 
error ranges could not be expected to improve below 14 dB, with a high side of 25 to 50 dB. Based on 20 to 40 dB per decad^ 
Corresponding error ranges for the distance variable would then be on the order of 900 feet to several thousand feet, depending upon 
the particular environmental topology and the transmitter and receiver geometries. 



15 



20 
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SUMMARY Of THE INVENTION 

OBJEQS OF THE INVENTION 

h is an objeaive of the p«sent invention to provide a system and method for to wireless tekcommunication systems for 
aauratelK locating peopleaml/orobjeasinacosteffectivemanner.Addit.^^^^^^ 

such locat^n apabilities using the measpments from v,i,e(e,s signals communicated betw«„ mobile stations and a net>«,rk of base 

satins, whemn the same communication standarti or protocol is utilized for location as is used by t^ 

provKltngwirelesscomrauniations with mobile stations for other purposes such as voice communication and/or vi^ 
communication (such as text paging, graphical or video communications). Related objeaives for the p.sent invention include 
providing a system and method that: 

(1.1) can b. .adily incorporated into exming commercial wireless telephony systems with few. if any. modifications of a typical 
telephony wireless inf rastruaure; 

(12) can use the native electronics of typical commercially available telephony wireless mobile stations (e.g.. handsets) as 
location devices; 

(13) can be used for effeah^eiy locating people and/or objects wherein there are few (if any) line-of-sight wireless receiven for 
receiving location signals from a mobile station (herein abo denoted MS); 

(1.4) can be used not only for decreasing location determining difficulties due to multipath phenomena but in fan uses such 
mukipath for providing more accurate location estimates; 

(1.5) can be used for integrating a wide variety of location techniques in a straight-forward mannen and 

(1.6) can substantially automatically adapt and/or (re)train and/or (re)calibrate itself according to changes in the environment 
and/or terrain of a geographical area where the present invention is utilized. 

r« another objective is to provide a low cost location system and method, adaptable to wireless telephony systems for 
using simultaneously a plurality of loation techniques for synergistically increasing MS location accuracy and consistency In' 

parttcuhr.at least some of thofollowing MS location techniquescan be utilized by vanousem^^^^ 

(2.1) time^jf-arrival wireless signal processing techniques; 

(2.2) time-difference-of-arrival wireless signal processing techniques; 

(2J) adapt.e wireless signal processing techniques having, for example, learning capabilities and including, for instance, 
artificial neural net and genetic algorithm processing; 

(2.4) signal processing techniques lor matching HS loation signals with wireless signal charaaeristics of known areas; 

(2.5) conflitt resolution techniques for resolving conflias in hypotheses for MS location estimates; 

(2.6) enhancement of HS location estimates through the use of both heuristics and historical data associating MS wireless signal 
characteristics with known locations and/or environmental conditions. 
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Yet another objective is to provide location estimates in terms of time veaors, which an be used to esublish motion, 
speed, and an extrapolated next location in cases where the MS signal subsequently becomes unavailable. 



DEFINITIONS 

The following definitions are provided for convenience. In general, the definitions here arc also deftned elsewhere in this 
document as well. 

(3.1) The term "wireless" herein is. in general, an abbreviation for "digital wireless", and in panicular. "wireless" refers to 
digital ladio signaling using one of standard digital protocols such as CDMA. NAMPS. AMPS. TDMA and GSM. as one skilled in the art 
will understand. 

(3.2) As used herein, the term "mobile sution" (equivalently. MS) refen to a wireless device that is at least a transmitting 
device, and in most cases is also a wireless receiving device, such as a portable radio telephony handset. Note that in some contexts 
herein instead or in addition to MS. the following terms are also used: "personal station" (PS), and "location unit" (lU). In general, 
these terms may be considered synonymous. However, the later two terms may be used when referring to reduced lunaionality 
communication devices in comparison to a typical digital wireless mobile telephone. 

(33) The term, "infrastruaurc". denotes the network of telephony communication services, and more particularly, that portion 
of such a network that receives and processes wireless communications with wireless mobile stations. In particular, this infnstruaure 
includes telephony wireless base stations (B$) such as those for radio mobile communication systems based on CDMA. AMPS. NAMPS. 
TOMA. and 6SH wherein the base stations provide a network of cooperative communication channels with an air interface with the ' 
HS, and a conventional telecommunications interface with a Mobile Switch Cemer (MSQ. Thus, an MS user within an area serviced by 
the base stations may be provided with wireless communication throughout the area by user transparent communication transfers 
(i.e.. "handoffs") between the user's MS and these base sutions in order to maintain effective telephony service. The mobile switch 
cemer (MSG) provides communications and comrol connectivity among base stations and the public telephone network. 
(3.4) The phrase, "composite wireless signal charaaeristic values" denotes the result of aggregating and filtering a colleaion of 
measurements of wireless signal samples, wherein these samples art obtained from the wireless communication between an MS to be 
located and the base station infrastructure {e.g.. a plurality of networked base stations). However, other phrases are also osed herein 
to denote this colleaion of derived charaaeristic values depending on the conuxt ami the likely orientation of the reader, for 
example, when viewing these values from a wireless signal processing penpeaive of radio engineering, as in the descriptions of the 
subsequent Detailed Description sections concerned with the aspeas of the present invention for receiving MS signal measurements 
from the base station infrastructure, the phrase typically used is: "RF signal measurements". Alternatively, from a dau processing 
penpeaive. the phrases: "location signature cluster" and "location signal data" are used to describe signal charaaeristic values 
between the MS ami the plurality of infrastruaurc base stations substantially simultaneously detecting MS transmissions. Moreover, 
since the location communiations between an MS and the base station infrastruaurc typically include simultaneous communications 
with more than one base station, a related useful notion is that of a "location signaturc" which is the composite wireless signal 
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<haracterbti£ value, for signal samples between an MS to be located and a single base sut«,n. Also, in some contexts, the phrases- 
"signal ctamctehstic values" or "signal charaaeristic data" are used when either or both a location signature(s) and/or a location 
signature clusttr(s) are intended. 



SUHHARY DISCUSSION 

The present imrention relates to a wireless mobile station loation system. In particular, such a wireless mobile sution 
location system may be decomposed into: (i) a first low level wireless signal processing subsystem for receiving, organizing and 
conditioning low level wireless signal measuremenu from a network of base sutions cooperatively linked for providing wireless 
communications with mobile stations (MSs); and (ii) a second high level signal processing subsystem for performing high level dau 
processing for providing most likelihood location estimates for mobile stations. 

. More precisely, the present invention is a novel signal processor that includes at least the funaionality for the high signal 
processing subsystem mentioned hereinabove. Accordingly, assuming an appropriate ensemble of wireless signal measurements 
charaaerizing the wireless signal communications between a panicular MS and a networked wireless base station infrastructure have 
been received and appropriately filtered of noise and transitory values (such as by an embodiment of the low level signal processing 
subsystem disctosed in a copending Pa patent applicatk»n titled. "Wireless loation Using A Plurality of Commercial Networic 
Infrastruaures." by F. W. UBIanc. and the present applicant(s): this copemJing patent application being herein incorporated by 
reference), the present invention uses the output from such a low level signal processing system for determining a most likely location 
estimate of an MS. 

That is. once the following steps are appropriately performed (e.g.. by the LeBlanc copending application): 

(4.1) receiving signal data measuremenu corresponding to wireless communicatwns between an MS to be located 
(herein also denoted the "target MS") and a wireless telephony infrastruaure; 

(4.2) organizing and processing the signal data measurements received from a given target MS and surrounding BSs so 
that composite wireless signal charaaeristic values may be obtained from which target MS tocation estimates may 
be subsequently derived. In particular, the signal data measurements are ensembles of samples from the wireless 
signals received from the urget MS by the base station infrastruaure. wherein these samples are subsequemly 
filtered using analog and digital spearal filtering. 

the present invention accomplishes the objeaives mentioned above by the following steps: 

(4 J) providing the composite signal characteristic values to one or more MS location hypothesizing computational 
models (also denoted herein as "first order models" and also "location estimating models"), wherein each such 
model subsequently determines one or more initial estimates of the locatnn of the target MS based on. for 
example, the signal processing techniques 2.1 through 2 J above. Moreover, each of the models output MS location 
estimates having substamially identical data struaures (each such data struaure denoted a "tocation 
hypothesis"). Additionally, each \mm hypothesU may also includes a confidence value indicating the likelihood 
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or probability that the target MS whose loation is desired resides in a corresponding locatbn estimate for the 
target MS; 

(4.4) adjusting or modifying location hypotheses output by the models according to. for example. 2.4 through 2.6 above 
so that the adjusted location hypotheses provide better urget MS location estimates. In particular, such 
adjustments are performed on both the target MS location estimates of the location hypotheses as well as their 
corresponding confidenas; and 

(4.4) subsequently computing a "most likely" urget MS location estimate for outputting to a location requesting 
application such as 91 1 emei^ency. the fire or police departments, taxi services, etc. Note that in computing the 
most likely urget MS locatbn estimate a plurality of location hypotheses may be uken into account. In faa. it is 
an imporunt aspect of the present invention that the most likely MS location estimate is determined by 
compuutionally forming a composite H$ bcation estimate utilizing such a plurality of location hypotheses so that, 
for example, tocation estimate similarities between location hypotheses can be effeaively utilized. 

Referring now to (4 J) above, the filtered and aggregated wireless signal charaaeristic values are provided to a number of 
tocation hypothesizing models (denoted First Order Models, or f OHs). each of which yields a location estimate or location hypothesis 
related to the location of the urget MS. In particular, there are location hypotheses for both providing estimates of where the urget 
MS likely to be and where the urget MS is not likely to be. Moreover, it is an aspea of the ptemt invention that confidence values of 
the location hypotheses are provided as a continuous range of real numbers from. e.g., -I to I. wherein the most unlikely areas for 
looting the target MS are given a confidence value of -I. and the most likely areas for locating the urget MS are given a confidence 
value of I. That is. confidence values that are larger indicate a higher likelihood that the urget MS is in the corresponding MS 
estimated area, wherein I indiates that the urget MS is absolutely MOT in the estimated area. 0 indicates a subsuntiaily neutral or 
unknown likelihood of the urget MS being in the corresponding estimated area, and I indicates that the urget MS is absolutely 
within the corresponding estimated area. 

Referring to (4.4) above, it i; an aspea of the present invention to provkie locatbn hypothesis enhancing and evaluatbn 
techniques that an adjust urget MS tocatbn estimates according to historical HS ktcatbn dau and/or adjust the confidence values 
of locatbn hypotheses according to how consistent the corresponding urget MS tocation estimate is: (a) with historical MS signal 
charaaeristic values, (b) with various physical constraints, and (c) with various heuristics. In particular, the following capabilities 
are provided by the present inventbn: 

(5.1) a capability for enhancing the accuracy of an initial location hypothesis. H, generated by a first order model. FOMh. 
by using H as, essentially, a query or index into an historical dau base (denoted herein as the location signature 
dau base), wherein this dau base includes: (a) a plurality of previously obtained tocatbn signature clusters (i.e.. 
composite wireless signal charaaeristic values) such that for each such cluster there is an associated actual or 
verified MS tocatbns where an MS communiated with the base sutbn infrastruaure for beating the MS. and (b) 
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previous HS location hypothesis estimates Jrom f OMh derived from each of the location signature clusten stored 
according to (a); 

(5 J) a capability for analyzing composite signal characteristic values of wireless communications between the target MS 
and the base station infrastructure, wherein such values are compared with composite signal charaaeristics values 
of known MS locations (these latter values being archived in the loation signature data base). In one instance, the 
composite signal chararteristic values used to generate various location hypotheses for the urget MS are compared 
against wireless signal data of known HS locations stored in the location signature data base for determining the 
reliability of the loation hypothesizing models for particular geographic areas and/or environmemal conditions; 
(S3) a capability for reasoning about the likeliness of a location hypothesis wherein this reasoning capability uses 
heuristia and constraints based on physics and physical propenies of the location geography; 
-■ (5.4) an hypothesis generating capability for generating new loation hypotheses from previous hypotheses. 
- As also mentioned above in {12), the present invention utilizes adaptive signal processing techniques. One particuUrly 
important utilization of such techniques includes the automatic tuning of the present invention so that. e.g.. such tuning can be 
applied to adjusting the values of loation processing system parameten that affeo the processing performed by the present 
invention, for example, such system parameters as those used for determining the size of a geographical area to be specified when 
retrieving location signal dau of known MS Nations from the historical (location signature) data base an substantially affect the 
loation processing. In particular, a system parameter specifying a minimum size for such a geographical area may. if too large, 
cause unnecessary inaccuracies in loating an MS. Accordingly, to accomplish a tuning of such system parameters, an adaptation 
engine is included in the present invention for automatically adjusting or tuning parameters used by the present invention. Note that 
in one embodiment, the adapution engine is based on genetic algorithm techniques. 

A novel aspea of the presem invention relies on the discovery that in many areas where MS loation services are desired, 
the wireless signal measurements obtained from communications between the target MS and the base station infrastructure are 
extensive enough to provide sufficiently unique or peculiar values so that the pattern of values alone may identify the location of the 
target MS. further, assuming a sufFicient amount of such locatwn identifying pattern information is aptured in the composite 
wirelesf-iignal characteristic values for a target MS. and that there is a technique for matching such wireless signal patterns to 
geographial k«itions. then a f OM based on this technique may generate a reasonably accurate urget MS loation estimate. 
Moreover, if the present invention (e.g, the h>cation signature data base) has aptured sufficient wireless signal data f rtjm loation 
communiations between MSs and the base sution infrastructure wherein the tacations of the MSs are also verified and captured, then 
this aptured data (e.g.. loation signatures) an be used to train oralibrate sjjch models to associate the loation of a urget MS 
with the distinctive signal characteristics between the urget MS and one or more base stations. Accordingly, the present invention 
includes one or more FOMs that may be generally denoted as classification models wherein such FOMs are trained or calibrated to 
associate particular composite wireless signal characteristic values with a geographical loation where a target MS could likely 
generate the wireless signal samples from which the composite wireless signal charaaeristic values are derived, further, the present 
invention includes the apability for training (alibrating) and retraining (realibrating) such classifiation FOMs to automatially 
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mainain the accuracy of these modeb even though subsuntial changes to the radio coverage area may occur, such as the 
construrtion of a nev high rise building or seasonal variations (due to, for example, foliage variations). 

Note that such classifiation f OMs that are trained or calibrated to identify target MS loations by the wireless signal 
patterns produced constitute a particularly novel aspect of the present invention. It is vreli known in the wireless telephony ait that 
the phenomenon of signal multipath and shadow fading renden most analytial location compuutional techniques such as time-of- 
arrival (TOA) or time-difference-of-arrival (TDOA) substantially useless in urtan areas and panicuiarfy in dense urban ar«as. 
However, this same multipath phenomenon also may produce substantially distinct or peculiar signal measurement patterns, wherein 
such a pattern coincides with a relatively small geographical area. Thus, the present invention utilizes multipath as an advantage for 
increasing accuracy where for previous location systems muhipath has been a source of substantial inaccuracies. Moreover, it is 
worthwhile to note that the utilization of dassifiation FOMs in high multipath environments is especially advanrageous in that high 
multipath environments are typically densely populated. Thus, since such environments are also capable of yielding a greater density 
of HS location signal data from MSs whose aaual locations can be obtained, there can be a substantial amount of training or 
calibration dau captured by the present invention for training or calibrating such classification fOHs and for progressively improving 
the MS location accuracy of such models. Moreover, since it is also a related aspect of the present invention to include a plurality 
stationary, low cost, low power "location detection base stations" (LBS), each having both restriaed range MS deteaion capabilities 
and a buHt-in MS. a grid of such LBSs ran be utilized for providing location signal data (from the built-in MS) for (re)training or 
(re)calibrating such classification FOMs. 

In one embodiment of the present invention, one or more classification FOMs may each include a learning module such as 
an artificial neural network (ANN) for associating target MS loation signal data with a target MS location estimate. Additionally, 
one or more classification FOMs may be statistical prediaion models based on such statistical techniques as, for example, principle 
decomposition, partial least $q uares, or other regression techniques. 

It is a further aspect of the present invention that the personal communication system (PCS) infrastruaures currently 
being developed by telecommunication providers offer an appropriate localiied infrastructure base upon which to build various 
penonal location systems (PLS) employing tlie present invention and/or utilizing the technk|ues disclosed herein. In particular, the 
present invention is especially suitable for the location of people and/or objects using code division multiple access (CDMA) wireless 
infrastruaures. although other wireless infrastruaures. such as. time division multiple access (TOMA) infrastruaures and GSM are 
also contemplated. Note that CDMA personal communications systems are described in the Telephone Imlustries Association standard 
IS-9S. for frequencies below I GHz. and in the Wideband Spread- Spectrum Digital Cellular System Dual-Mode Mobile Station-Base 
Sution Compatibility Standard, for frequencies in the 1.8-1.9 GHz frequency bands, both of which are incorporated herein by 
reference. Furthermore. CDMA general principles have also been described, for example, in U. S. Patent 5,l09J9d; to Gilhausen, et al, 
and CDMA Network Engineering Handbook by Qualcomm. Inc.. each of which is also incorporated herein by reference. 

Notwithstanding the above mentioned CDMA references, a brief introduction of COMA ii given here. Briefly. CDMA is an 
elearomagnetic signal modulation and multiple access scheme based on spread spearum communication. Each CDMA signal 
corresponds to an unambiguous pseudorandom binary sequence lor modulating the carrier signal throughout a predetermined 

IS 



wo 98/10307 

PCT/US97/I5892 

.p«™a,..k^.id,M«,„a<i...„«.M„^.M„3,CDHA>i|.aB.„.kcNb,„^^ 

«»rar l™. >ta »„c»d bi.3nr 3«l top™«l. ia ,p«,™m. II,.. .ten , n„, COH. .ij^U i. m^i^ 

A. (1.7, art i„ * ,,3,^^, „„, ^ 

ap,M»..b««rtbc3pa*.,p*™,,.«„^^,„^„,<^.^^^,„„^„„^^^^^^^^_.^ 
f.-m,a.c„».,™..„pp.taart™d,ij„,.j*,,„,„,<,^„^„.^.,„.^^^^_. ' 

« „ „ be. ..nb.,. b, p,.,*s „cb to*. ba» ™. ,U.S, .i,b a co-toe. 

((fcwBd a b.*.in «! ab.,., ha-in, ,«ilar ta«rf„ „ an m, tb, f.b,i„g advamaj,, a„ prevMrf. 

(6.1) a,»»,i„8 ,ba, „„ <..ta,.d ba>. „a,„„ capabilte. art ,b, ^^..a, ,m^i„^^ ,.c» ,ba. d,, ba» 

«3«..capaM,«a.d*,«,,..an,,..«i,„««.i,h.»a™*,.,b,„^^^^ 
.».l.,.c.™^a.„,(„ ,b, p„„., „ 3„„„ „ ,,3^„ . , ^ ^ 

pora (or Ibt IBS ibai operate o. a reitrkled power wb ai lolar eleorkal power: 

(6.2, ■ ■»"«'»"'7.-K.™.l»l.Sca.b..,e^,or™ierrb,,a,p.«tai..»,.™^ 

conventional telephony base station; 

(6J) ^'<''-«-''''-<'y>y'>>^«>M<>,t,^„y^^^^^^ ■ 

a.-/«(r.,cabb™i„,,,^„„,»aa^^,,^^^„^,^,.^^^^.^^^^^^^^__^.^^^ 
,.|,n.<.™«,*a,i..b.«.„,b.««n,o,,ra«c«,.r,.d.^^^^^ 

«l-.r.,,b,toi.„o,,b.„„i.».r,,,a.«,.er,,e.Na»ei,or..,b«bba„,,a.«...cc.r^i.,,,s.^ 
a»tb,.b.a,..<i,,...i,b,beto™tab„.,,b.«^,ra,„,,,,,„,„„,,3.,,„„,,^.„^,^,,^^_^^^ 

pro,..™, -».*. 0, .he „«.,„ a. ,b. cW.ica,« ab.„. ,„ parrWar. socb ,rai.,.g 

calibrating may include: 

(i) (re)tfaining and/or (re)calibrating fOMj; 
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(ii) adjusting tiie confidence value inhiall/ assigned to a location hypothesis according to how accurate 
the generating fOH is in estimating the location of the stationaiy tranxeiver using data obuined from wireless signal charaaeristics 
of signals between the stationary tiamceiver and base stations with which the stationary transceiver is capable of communkating; 

(iii) automatically updating the previously mentioned historical data base (ij.. the location signature 
5 data base), wherein the stored signal diaraaeristic data for each stationary transceiver can be used for deteaing environmental 

and/or topographical changes (e.g^ a newly built high rise or other struaures capable of altering the multipath charaaeristics of a 
given geographical area); and ' 

(iv) tuning of the location system parameters, wherein the steps of: (a) modifying variouj system 
parameters and (b) testing the performance of the modified loation system on verified mobile sution tocation dau (including the 

10 stationary transceiver signal characteristic data), these steps being interleaved and repeatedly performed for obtaining better system 
location accuracy within useful time constraints. 

It is also an aipea of the present invention to automatically (re)calibrate as in (63) above with signal charaaeristics from 
other known or verified locations. In one embodiment of the present invention, portable location verifying elearonics are provided so 
that when such elearonics are sufficiently near a located target MS. the elearonics: (I) detea the proximity of the target MS; (ii) 
15 determine a highly reliable measurement of the location of the target MS; (iii) provide this measurement to other location 

determining components of the present invention so that the location measurement can be associated and archived with related 
signal cbaraaeristic data received from the target MS at the loation where the location measurement is performed. Thus, the use of 
such portable location verifying elearonics allows the presem invention to capture and utilize signal cbaraaeristic data from verified, 
substantially random locations for location system calibration as in (6 J) above. Moreover, it is iraporant to no» that such location 
20 verifying elearonia can verify locations automatically wherein it is unnecessary for manual aaivation of a location verifying process. 

One embodiment of the present invention includes the location verifying elearonics as a "mobile (location) base station" 
(MBS) that can be. for example, incorporated into a vehicle, such as an ambulance, police car. or taxi. Such a vehicle can travel to 
sites having a transmitting target MS. wherein such sites may be randomly located and the signal cbaraaeristic data from the 
transmitting urget MS at such a location can consequently be archived with a verified location measurement performed at the site by 
25 the mobile location base station. Moreover, it is important n> note that such a mobile location base station as its name implies also 
includes base station elearonics for communicating with mobile stations, though not necessarily in the manner of a conventional 
infranruaure base station. In particular, a mobile location base station may only monitor signal charaaeristics, such as MS signal 
strength, from a target MS without transmitting signals to the target MS. Alternatively, a mobile location base station tan 
periodically be in bi-direaional communication with a Urget MS for determining a signal time-of-arrival (or time-difference-of- 
arrival) measurement between the mobile location base station and the urget MS. Additionally, each such mobile location base 
station includes components for estimating the location of the mobile location base uation. such mobile location base station location 
estimates being imporunt when the mobile location base sution is used for locating a urget MS via. for example, time-of-arrival or 
time-difference-of-arrival measuremenu as one slcilkd in the art will appreciare. In particular, a mobile location base station can 
include: 
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(7.1) a mobile station (MS) for both communicating with other componenti of the preient invention ($uch as a location 
processing center included in the present invention): 

(12) a GPS receiver for determining a location of the mobile location base station; 
(73) a gyroscope and other dead reckoning devices; and 
5 (7.4) devices for operator manual entry of a mobile location base station loation. 

furthermore, a mobile location base station includes modules for integrating or reconciling distina mobile location base 
station location estimates that, for exartiple. can be obtained using the coraponems and devices of (7.1) through (7.4) above. That is. 
location estimates for the mobile location base station may be obtained from: GPS satellite data, mobile location base station data 
provided by the location processing center, dead reckoning dau obtained from the mobile location base station vehicle dead 
10 reckoning devices, and tocation data manually input by an operator of the mobile location base sation. 

The location estimating system of the present invention offers many advantages over existing tocation systems. 
The system of the presem invention, for example, is readily adaptable to existing mnka communication systems and can accurately 
locate people and/or objects in a cost effeaive manner. In particular, the presem invention requires few, if any. modifications to 
commercial wireless communication systems for implementation. Thus, existing personal communication system infrastruaure base 
stations and other components of. for example, commercial CDMA infrastruaures are readily adapted to the present invention. The 
present imrention can be used to locate people and/or objecu that are m>t in the line-of-$ight of a wireless receiver or transmitter, 
can leduce the detrimenol effecu of multipath on the accuracy of the tecation estimate, can potentially locate people and/or objeas 
located indoors as well as outdoors, and uses a number of wireless sutiona^ traoKeivers for location. The present invention employs 
a number of distinaly different location computational models for location which provides a greater degree of accuracy, robustness 
and versatility than is possible with existing systems, for instance, the location models provided include not only the radius- 
ladius/TOA and TDOA techniques but also adaptive artificial neural net techniques, further, the present invention is able to adapt to 
the topography of an area in which location service is desired. The present invention is also able to adapt to environmental changes 
substantially as Irequentiy as desired. Thus, the present invention is able to take into account changes in the location topography 
over time without extensive manual data manipulation. Moreover, the present imrention can be utilized with varying amounts of 
signal measurement inputs. Thus, if a hxation estimate is desired in a very short time interval (e.g.. less than approximately one to 
two seconds), then the present location estimating system can be used with only as much signal measurement data as is possible to 
acquire during an initial ponion of this time interval. Subsequently, after a greater amount of signal measurement data has been 
acquired, additional more accurate location estimates may be obtained. Note that this capability can be useful in the context of 91 1 
emergency response in that a first quick course wireless mobile station tocation estimate can be used to route a 91 1 call from the 
mobile station to a 91 1 emergency response center that has responsibility lor the area containing the mobile station and the 91 1 
caller. Subsequently, once the 911 call has been routed according to this first quick location estimate, by continuing to receive 
additional wireless signal measurements, more reliable and accurate location estimates of the mobile station can be obuined. 

Moreover, there are numerous additional advantages of the system of the present invention when applied in COMA 
communication systems. Ihe location system of the present invention readily benefits from the distinct advantages of the COMA 
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spread jpearum Kheme. namely, these advanuges include the exploiution of radio frequency spectral efficiency and isolation by (a) 
monitoring voice aaivity. (b) management of two-way power control, (c) provisioning of advanced variable-rate modems and error 
correaing signal encoding, (d) inherent resistance to fading, (e) enhanced privacy, and (0 multiple "rake" digiui data receivers and 
searcher receivers for correlation of signal multipaths. 

At a more general level, it is an aspea of the present invention to demonstrate the utilization of various novel 
computational paradigms such as: 

(8.1) providing a multiple hypothesis computational architeaure (as illustrated best in fig. 8) wherein the hypotheses are: 
(8.1.1) generated by modular independent hypothesizing computational models; 

(8.12) the models are embedded in the computational architecture in a manner wherein the arthitecture allows (or 
substantial amounts of application specific processing common or generic to a plurality of the models to be straightfoiwaidly 
incorporated into the computational architeaure; 

(8.1 J) the computational architeaure enhances the hypotheses generated by the models both according to past 
performance of the models and according to application specific constraints and heuristics without requiring feedback loops for 
adjusting the models; 

(8.1,4) the models are relatively easily integrated into, modified and extraaed from the computational architeaure; 
(Si) providing a computational paradigm for enhancing an initial estimated solution to a problem by using this initial 
estimated solution as. effeaively. a query or index into an historical data base of previous solution estimates and corresponding 
aaual solutions for deriving an enhanced solution estimate based on past performance of the module that generated the initial 
estimated solution. 

Note that the multiple hypothesis architeaure provided herein is useful in implementing solutions in a wide range of 
applications. For example, the foltowing additional applications are within the Kope of the present invention: 
(9.1) document scanning applications for transforming physical documents in to elearonic forms of the documents. Note that in 
many cases the scanning of cenain documents (books, publications, etc.) may have a 20% charaaer recognition error rate. Thus, 
the novel computation architeaure of the present invention can be utilized by (I) providing a plurality of document scanning models 
as the first order models, (ii) budding a charaaer recognition data base for archiving a correspondence between charaaeristics of 
artoal primed charaaer variations and the intended charaaen (according to. for example, font types), and additionally archiving a 
correspondence of performance of each of the OMdels on prevbusly encountered aaual printed charaaer variations (note, this is 
analogous to the Signature Data Base of the NS loation appiiration described herein), and (iii) determining any generic constraints 
and/or heuristics that are desirable to be satisfied by a plurality of the models. Accordingly, by comparing outputs from the first 
order document scanning models, a determination an be made as to whether funher processing is desirable due to. for example, 
discrepancies between the output of the models. If further processing is desirable, then an embodiment of the multiple hypothesis 
architeaure provided herein may be utilized to correa such discrepancies. Note that in comparing outputs from the first order 
document scanning models, these outputs may be compared at various granularities; e.g.. charaaer, sentence, paragraph or page; 
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(U) diagnosis and monitoring applications such as medical diagnosis/monitoring, communication network 
diagnosis/monitoring; 

(9 J) robotics applications such as scene and/or objea recognition: 

(9.4) seismic and/or geologic signal processing applications such as for locating oil and gas deposio; 

(9.5) Additionally, note that this architeaure need not hare all modules co-located. In particular, it is an additional aspea of 
the present invention that various modules can be remotely located from one another and communicate with one another via 
telecomminiation transmissions such^s telephony technologiej and/or the Internet. Accordingfy. the present invention is 
particularly adaptable to such distributed computing environments. For example, some number of the first order models may reside 
in remote locations and communicate their generated hypotheses via the Internet. 

for instance, in weather prediaion applications it is not uncommon for computational models to require large amounts of 
computational resources. Thus, such models running at various remote computational facilities can transfer weather prediction 
hypotheses (e.g.. the likely path of a hurricane) to a site that performs hypothesis adjustments according to: (i) past performance of 
the each model: (ii) panicular constraints and/or heuristics, and subsequently outputs a most likely estimate for a particular weather 
condition. 

In an alternative embodiment of the present invention, the processing following the generation of location hypotheses 
(each having an initial location estimate) by the first order models may be such that this processing can be provHied on Internet user 
nodes and the first order models may reside at Internet server sites. In this configuration, an Internet user may request hypotheses 
from such remote first order models and perform the remaining processing at his/her node. 

In other embodiments of the present invention, a fast, abeit less accurate location estimate may be initially performed for 
very time critical location applications where approximate location information may be required. For example, less than I second 
response for a mobile station location embodiment of the present invention may be desired for 91 1 emergency response loation 
requests. Subsequently, once a relatn^ely course location estimate has been provided, a more aaurate most likely location estimate 
can be performed by repeating the location estimation processing a second time with. e.g.. additional with measurements of wireless 
signals transmitted between a mobile station to be located and a network of base stations with which the mobile station is 
communiating. thus providing a secoml. more accurate ioution estimate of the mobile stttion. 

Additionally, note that it is within the scope of the presem invention to provide one or more central location developmem 
sites that may be networked to. for example, geographically dispersed location tenters providing toation services according to the 
present invention, wherein the fOMs may be accessed, substituted, enhanced or removed dynamically via network conneaions (via. 
e.g. the Internet) with a central location devetopmem site. Thus, a small but rapidly growing municipality in substantially flat lov! 
density area might initially be provided with access to. for example, two or three fOHs for geneming location hypotheses in the 
municipality's relatively uncluttered radio signaling environment. However, as the population density mcreases and the radio 
signaling environmem becomes cluttered by. for example, thermal noise and multipath. additional or alternative FOMs may be 
transferred via the network to the tocation center for the municipality. 
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Note that in some embodimenis o( the present invention, since there a lack of sequencing between the f OMs and 
subsequent processing o( location hypotheses, the f OHs can be incorporated into an expert system, if desired, for example, each FOM 
may be aaivated from an antecedent of an expert syjtcm rule. Thus, the antecedent for such a rule can evaluate to TRUE if the f OM 
outputs a location hypothesis, and the consequent portion of such a rule may put the output location hypothesis on a list of location 
hypotheses occurring in a particular time v^indow for subsequent processing by the location center. Alternatively, aaivation of the 
rOMs may be in the consequents of such expert system rules. That is, the antecedent of such an expert system rule may determine if 
the conditions are appropriate for invoking the FON($) in the rule's consequent. 

Of course, other software architectures may also to used in implementing the processing of the location center without 
departing from scojw of the present invention. In particular, objea-oriented architeaures are also within the scope of the present 
invention, for example, the f OMs may be objea methods on an MS location estimator objea, wherein the estimator objea receives 
substantially ail urget MS location signal data output by the signal filtering subsystem. Alternatively, software bus architeaures are 
contemplated by the present invention, as one skilled in the an will understand, wherein the software architecture may be modular 
and facilitate parallel processing. Further features and advantages of the present invention are provided by the figures and detailed 
description accompanying this invention summa^. 
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BRIEF DESCRIPTION Of THE DRAWINGS 

f ig. I illustnte, variom penpeaives of radio propagation opportunities which my be considered in addressing correlation 
with mobile to base station ranging. 

Fig. 2 shows aspecu of the two-ray radio propagation model and the effects of urban clutter, 
fig. 3 provides a typical e«n,pie of how the stati«ical power budget is calculated in design of a Commercial Mobile Radio 
Service Providernetworfc 

fig. 4 illustrates an overall view of a wireless radio tecation network architeaure. based on AIN principles. 

fig. S is a high level block diagram of an embodiment of the present invention for locating a mobile station (MS) within a 
radio coverage area for the present invention. 

. fig. 6 is a high level block diagram of the location center 142. 

fig. 7 is a high level block diagram of the hypothesis evaluator for the tocation center. 

fig. 8 is a substantially comprehensive high level block diagram illustrating dau and control ftows between the 
components of the location center, as well the funaionality of the components. 

fig. 9 is a high level data struaure diagram describing the fields of a location hypothesis objea generated by the first 
order models 1224 of tlie location center. 

fig. 10 is a graphical illustration of the computation performed by the most likelihood estimator IJ44 of the hypothesis 

evaluator. 

fig. 1 1 is a high level btock diagram of the mobile base statnn (MBS). 

fig. 12 is a high level state transition diagram describing compuutional states the Mobile Base station enters during 

operation. 

fig. 13 is a high level diagram illustrating the data struaural organization of the Mobile Base station capability for 
autonomous^ determining a most likely MBS location from a plurality of potentially cor,fliaing MBS location estimating sources. 

Fig. 14 shows one method of modeling COMA delay spread measurement ensembles and interfacing such signals to a typical 
anificiaineural network based FOM. 

fig. 15 illustrates the nature of Rf "Dead Zones" . notch area, and the importance of including tocation data signatures 
from the back side of radiating elements. 

figs. \6z through 16c present a table providing a brief description of the attributes of the location signature data type 
stored in the location signature data base 1320. 

figs. 17a through 17c present a high level flowchart of the steps perfumed by function. "UPDATE_10C_SIG DB." for 
updating location signatures in the location signature data base 1320; note, this flowchart corresponds to the deuription of this 
funaion in APPENDIX C. 
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figsJBa through 18b present a high level flowchart of the steps perionncd by fuiKtion.-REDUtt DB LOC SIGS" 
for updating location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this 
function in APPENDIX C 

figs. 19a through 19b presenta high level flowchart of the steps performed by funaion. 
-|NCREA$£_CONf IDENCE_OF_GOOD_0B_LOC_SIG$." for updating loation signatures in the tocation signature dau base 1320; 
note, this flowchart corresponds to the description of this function in APPENDIX C. 

figs. 20a through 20d prtsent a high level flowchart of the steps performed by funaion. 
"DETERMINEJOCATIONJIGNATUREJ ITJRROIIS." for updating loation signatures in the location signature dau base 1320; 
note, this flowchart corresponds to the description of this funaion in APPENDIX C 

Fig. 21 presents a high level flowchart of the steps perfonned by funaion, "ESTIMATE_LOC_$IGJROH_0B." for updating 
location signatures in the location signature data base 1320; note, this flowchart corresponds to the description of this funaion in 
APPENDIX C 

figs. 22a through 22b present a high level flowchart of the steps performed by funaion. "GET AREA TO JEARCH." for 
updating location signatures in the location signature dau base 1320; note, this flowchart corresponds to the description of this 
funaion in APPENDIX C. 

figs. 23a through 23b present a high level flowchart of the steps performed by funaion, 
-GET_DlffERENC£_MEASUREMENT," for updating loation signatures in the loation signature dau base 1320; note, this flowchart 
corresponds to the description of this funaion in APPENDIX C. 

fig. 24 is a high level illustration of context adjuster dau struaures and their relationship to the radio coverage area for 
the present invention; 

Figs. 25a through 25b present a high level flowchart of the steps performed by the funaion, "CONTEXT AOJUSTER," used 
in the context adjuster 1326 for adjusting mobile sution estimates provided by the first order models 1224; this flowchart 
corresponds to the description of this funaion in APPENDIX D. 

figs. 26a through 26c presem a high level flowchart of the steps performed by the funaion, 
"GET_ADJUSTED_IOC_HYP_L1ST_FOR." used in the context adjuster 1326 for adjuuing mobile sution estimates provided by the 
first order models 1224; this flowchart corresponds to the description of this funaion in APPENDIX D. 

Figs. 27a through 27b present a high level flowchart of the steps performed by the funaion. **CONflDENCE_ADjU$TER." 
used in the context adjuster 1326 for adjusting mobile sution estimates provided by the first order models 1224; this flowchan 
corresponds to the description of this function in APPENDIX D. 

fig. 28a ami 28b presents a high level flowchart of the steps performed by the funaion, 
-6ET_C0MPO5ITE_P«E0iaiON_MAPPED.CLU$IER_0ENS!Tr used in the context adjuster 1326 for adjusting mobile sution 
estimates provided by the first order models 1224; this flowchart corresponds to the description of this funaion in APPENDIX D. 
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figs. 29a through 29h present a high level flowchart of the neps performed by the funaion 
-GETJIlEOiaiON_MPPEOJLU$TER_OEN$.n^^^^^^ 

provided by the fim order models 1224: this flowchart corresponds to the description of this funaion in APPENDIX D. 
fig. 30 illustrates the primaiy componenu of the signal processing subsystem, 
fig. 31 illustrates how automatic provisioning of mobile station information from multiple CMRS occurs. 
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DETAILED DESCRIPTION 
Detailed Description Introduction 

Various digital wireless commuaication standanis have been introduced such as Advanced Mobile Phone Service (AMPS). Narrowband 
Advanced Mobile Phone Service (HAMPS). code division multiple access (CDMA) and Time Division Multipfe Access (TDNA) (e.g., 
Global Systems Mobile (GSM). These standards provide numerous enhancements for advanc'mg the quality and communication 
capacity for wireless applications. Referring to CDMA, this standard is described in the Telephone Industries Association standard IS- 
95. for frequencies below I GHz. and inJ-STD-008. the Wideband Spread-Spectrum Digiul Cellular System Dual-Mode Mobile 
Station-Base sution Compatibility Sundard. for frequencies in the l.fl - 1.9 GHz frequency bands. Additionally. CDMA general 
principles have been dearibed. for example, in Ui. Patent S.I09390. Diversity Receiver in a CDMA Cellular Telephone System by 
Gilhousen. There are numerous advantages of such digital wireless technologies such as CDMA radio technology, for example, the 
COMA spread spectrum scheme exploits radio frequency spearal efficiency and Isolation by monitoring voice activity, managing two- 
way power control, provision of advanced variable-rate modems and error correcting signal design, and includes inherent resistance 
to fading, enhanced privacy, and provides for multiple Take" digital data receivers and searcher receivers for correlation of multiple 
physical propagation paths, resembling maximum likelihood detection, as well as support for multiple base station communication 
with a mobile sution. i.e. soft or softer hand-off capability. When coupkd with a location center as described herein, substantial 
improvements in radio location can be achieved, for example, the CDMA spread spectrum scheme exploits radio frequency spectral 
efficiency and isolation by monitoring voice aaivity, managing two-way power control, provision of advanced variable-rate modems 
and error correaing signal design, and includes inherent resistance to fading, enhanced privacy, and provides for multiple "rake" 
digital data receiven and searcher recewers for correlation of multiple physical propagation paths, resembling maximum itkenbood 
deteaion. as well as support for multiple base station communication with a mobile station, tji., soft hand-off capability. Moreover, 
this same advanced radio communication infrastructure can also be used for enhanced radio location. As a further example, the 
capabilities of IS-41 and AIN already provide a broad-granularity of wireless loation. as is necessary to. for example, properly direa 
a terminating call to an MS. Such information, originally intended for call processing usage, can be re-used in conjunaion with the 
kKation center desaibed herein to provide wireless bcation in the large (i.e.. to determine which county, sate and city a particular 
MS is located) and wirefess hcation in the small (i.e.. which location, plus or minus a few hundred feet within one or more base 
stations a given MS is located). 

fig. 4 is a high level diagram of a wireless digital radiolocation intelligent network architeaure for the present invention. 
Accordingly, this figure illustrates the interconnections between the componenu. for example, of a typical PCS network configuration 
and various components that are specific to the present invention. In particular, as one skilled in the an will understand, a typical 
wireless (PO) network includes; 

(a) a (large) plurality of conventional wireless mobile stations (MSs) 140 for at least one of voice related communication. 

visual (e.g., text) related communication, and according to present invention, location related communication; 

(b) a mobile switching center (NSC) i 12; 
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(c) a plurality of wireless cell sites in a radio coverage area 120. wherein each cell site includes an inlrastruaure base 

sution such as those labeled 122 (or variations thereof such as I22A - I22D). In particular, the base sutions 122 
denote the standard high traffic, fixed loation base sutions used for voice and data communication with a plurality 
of MSs 140. and. according to the present invention, also used for communication of information related to locating 
such MSs 140. Additionally, note that the base stations labeled IS2 are more direaly related to wireless location 
enablement for example, as described in greater detail hereinbelow. the base stations 152 may be low cost, low 
funaionality transpondirs that are used primarily in communiating MS location related information to the location 
center 142 (via base stations 122 and the MSC 112). Note that unless stated otherwise, the base stations IS2 will be 
referred to hereinafter as "location base station(s) 152" or simply •'LB$(s) 152"); 

(d) a public switched telephone network (PSTH) 124 (which may include signaling system links 106 having network 
control components such as: a service control point (SCP) 104 . one or more signaling transfer points (STPs) 1 1 0. 

Added to this wireless network, the present invemk>n provides the foibwing additional components: 
(10.1) a tocation center 142 which is required for determining a location of a target MS 140 using signal charaaerisfc values for 
this target MS; 

(102) one or more mobile base sutions 148 (MBS) which are optional, for physically traveling toward the urget MS 140 or 
tracking the urget MS; 

(!0J) a plurality of location base stations IS2 (LBS) which are optional, distributed within the radio coverage areas 120. each 
LBS 1 52 having a relatively small MS 140 detection area IS4; 

Since location base sutions can be located on potentially each floor of a multi-sto^ building, the wireless location 
technology described herein can be used to perform location in terms of height as well as by latitude and longitude. 

In operation, the MS 140 may utilize one of the wireless technologies. CDMA. TDMA. AMPS, NAMPS or GSM techniques for 
radio communication with: (a) one or more infrastruaure base stations 122. (b) mobile base sution(s) 148 . (c) an LBS 152. 

. . Referring to fig. 4 again, additional deuil is provided of typical base sution coverage areas, sectorization. and high tevel 
components within a radio coverage area 120. including the MSC 1 12. Although base stations may be placed in any configuration, a 
typical deployment configuration is apprt»ximately in a cellular honeycomb pattern, although many praaical tradeoffs exist, such as 
site availability, versus the requirement for maximal terram coverage area. To illustrate, three such exemplary base sutioni (BSs) 

are I22A.I22B and l22C.eachof which radiate referencing signals within their area of coverage 169 to faciliute mobile station 
140 radio frequency conneaivity. and various timing and synchronization functions. Note that some base sutions may conuin no 
sectors 130 (e.g. I22E). thus radiating and receiving signals in a 360 degree omnidirectional coverage area pattern, or the base 
station may conuin "sman antennas" which have specialized coverage area patterns. However, the generally most frequent base 
stations 122 have three seaor 130 coverage area patterns, for example, base station I22A includes seaors 130. additionally labeled 
a. b and c. Acconlingly. each of the seaors 130 radiate and receive signals in an approximate 120 degree arc. from an overhead view. 
As one skilled in the an will undersund. actual base sution coverage areas 169 (stylistically represented by hexagons about the base 
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Stations 122) generally are designed to overlap to some extent, thus ensuring seamless coverage in a geographical area. Control 
electronia within each base sution 122 are used to communicate with a mobile sutions 140. Information regarding the coverage 
area for each sector 130, such as iu range, area, and "holes" or areas of no coverage (within the radio coverage area 120), may be 
known and used by the loation center 142 to facilitate location determination, further, during communication with a mobile station 
140, the identification of each base station 122 communicating with the MS 140 as well, as any seaor jdentification information, may 
be known and provided to the loation center 142. 

In the case of the base iution types 122, 148, and 152 communiatbn of location information, a base station or mobility 
controller 174 (BSC) controls, processes and provides an interface between originating and terminating telephone calls fromAo 
mobile station (MS) 140. and the mobile switch center (MSC) 112. The MSG 122, on-thenither-hand. performs various administration 
functions such as mobile sUtion 140 registration, authentiation and the relaying of various system parameters, as one skilled in the 
art will understand. 

The base stations 122 may be coupled by various transport facilities 176 such as leased lines, frame relay. T-Carrier links, optical 
fiber links or by microwave communiation links. 

When a mobile station 140 (such as a CDHA. AMPS, NAMPS mobile telephone) is powered on and in the idle state, it constantly 
monitors the pilot signal transmissions from each of the base sutions 122 located at nearby cell sites. Since base sution/seaor 
coverage areas may often overlap, such overlapping enables mobile stations 140 to detea, and, in the case of ceruin wireless 
technologies, communicate simuluneously along both the forward and reverse paths, with multiple base stations 122 and/or sectors 
130. In Fig. 4 the constantly radiating pilot signals from base station seaors 130, such as seaors a, b and c of BS I22A, are detectable 
by mobile stations 140 within the coverage area 169 for BS I22A. That is. the mobile stations 140 scan for pilot channels, 
corresponding to a given base station/seaor idcmifiers (IDs) . for determining which coverage area 169 (Le., cell) it is contained. 
This is performed by comparing signals strengths of pilot signals transmitted from these panicular cell-sites. 

The mobile station 140 then initiates a registration request with the MSC 112. via the base station controller 174. The MSC 1 12 
determines whether or not the mobile station 140 is allowed to proceed with the registration process (except in the case of a 911 call, 
wherein no registration process is required). At this point calls may be originated from the mobile sution 140 or calls or short 
message service messages can be received from the network. The NSC 112 communicates as appropriate, with a class 4/5 wireline 
telephony circuit switch or other central offices, conneaed to the PSTN 124 network. Such central offices connca to wireline 
terminals, such as telephones, or any communication device compatible with the line. The PSTN 124 may also provide conneaions to 
long distance networks and other networks. 

The MSC 112 may also utilize IS/41 dau circuits or trunks conneaing to signal transfer point 1 10. which in turn connects 
to a service control point 1 04. via Signaling System #7 (SS7) signaling links (e.g., trunks) for intelligent call processing, as one 
skilled in the art will understand. In the case of wireless AIN services such links are used for call routing instruaions of calls 
interacting with the MSC 112 or any switch capable of providing service switching point funaions, and the public switched telephone 
network (PSTN) 124. with possible termination back to the wireless network. 
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Referring to fig. 4 again, the location center (LQ 142 interfaces witli the MSC 112 either via dedicated tranipon faciiitiej 
178. using for example, any number of LAN/WAN technologies, such as Ethernet, fast Ethernet, frame relay, vinual private networta. 
etc.. or via the PSTH 124. The IC 142 receives autonomous (e.g.. unsolicited) command/response messages regarding, for example: 
(a) the state of the wireless network of each service provider, (b) MS 140 and BS 122 radio frequency (RF) measurements, (c) any 
MBSs 148. (d) location applications requesting MS locations using the location ceraer. Conversely, the LC 142 provides data and 
control information to each of the above componenu in (a) - (d). Additbnally, the LC 142 may provide location information to an 
MS 140. via a BS 121 Moreover, in the bse of the use of a mobile base station (MBS) 148. several communications paths may exist 
with the LCI 42. 

The MBS 148 acu as a low cost, partially-funaional. moving base station, and is. in one embodiment, situated in a vehicle 
wher« an operator may engage in MS 140 searching and tracking aaivities. In providing these activities using COMA, the MBS 148 
provides a forward link pilot channel for a target MS 140. and subsequently receives unique BS pitot strength measurements from the 
MS I40i The MBS 148 also includes a mobile station for data communication with the LC 142. via a BS 122. In particular, such data 
communication includes telemetering the geographic position of the MBS 148 as well as various Rf measurements related to signals 
received from the target MS 140. In some embodiments, the MBS 148 may also utilize multiple-beam fixed antenna array elements 
and/or a moveabte narrow beam antenna . such as a microwave dish 182. The antennas for such embodiments may have a known 
orientation in order to further deduce a radio kcation of the target MS 140 with respect to an estimated current location of the MBS 
148. As will be described in more detail herein below, the MBS 148 may further contain a global positioning system (GPS), disunce 
sensors, dead-reckoning elearonics. as well as an on-board computing system and display devices for locating both the MBS 148 of 
itself as well as tracking and locating the target MS 140. The computing and display provides a means for communicating the 
position of the target MS 140 on a map display to an operator of the MBS 148. 

Each location base station (LBS) 152 is a low cost location device. Each such LBS 152 communicates with one or more of 
the infrastruaure base stations 122 using one or more wireless technology interface standards. In some embodiments, to provide 
such LBS's cost effeaively. each LBS 152 only partially or minimally supporu the air-interface standards of the one or more wireless 
technologies used in communicating with both the BSs 122 and the MSs 140. Each IBS 152. when put in service, is placed at a fued 
location; such as at a traffic signal, lamp post, etc. and wherein the tocation of the LBS may be determined as accurately as. for 
example, the accuracy of the tocations of the infrastruaure BSs 122. Assuming the wireless technology CDMA is used, each BS 122 
uses a time offset of the pilot PN sequence to identify a forward CDMA pih)t channel In one embodiment, each LBS 1 52 emits a 
unique, time-offset pilot PN sequence channel in accordance with the CDMA sundard in the RF spearum designated for BSs 122. such 
that the channel does not interfere with neighboring BSs 122 cell site channels, nor would it interfere with neighboring LBSs IS2. 
However, asone skilled in the art will understand, time offseu. in COMA chip sizes, may be re-used within a PCS system, thus 
providing efficient use of pilot lime offset chips, thereby achieving spearum efficiency. Each LBS 1 52 may also contain multiple 
wireless receiven in order to monitor transmissions from a target MS 140. Additionally, each LBS 1 52 contains mobile station 140 
eleoronics. thereby allowing the LBS to both be controlled by the LC 142. and to transmit information to the LC 142. via at least one 
neighboring 65 122. 
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A$ mentioned above, when the tecation of a particular target H$ 140 is desired, the IC 142 can request loation 
information about the target MS 140 from, for instance, one or more activated LBSi IS2 in a geographical area of interest. 
Accordingly, whenever the target MS 140 is in such an area, or is suspected of being in the area, either upon command from the IC 
142. or in a substantially cominuouj fashion, the IBS's pilot channel appears to the target MS 140 as a potential neighboring base 
station channel, and consequently, is placed, for example, in the CDMA neighboring set, or the CDMA remaining set. of the terget MS 
140 (as one familiar with the CDMA standards will undentand). 

During the mnial CDMA pitot search sequence of the mobile station initialization state (in the target MS), the target MS 
140 will, if within range of such an aaivated LBS 152. detect the LBS pilot presence during the COMA pilot chanm>i acquisition 
substate. Consequently, the target MS 140 performs Rf measurements on the signal from each deteaed IBS 152. Similarly, an 
activated LBS 152 can perform Rf measurements on the wireless signals from the urget MS 140. Accordingly, each IBS 152 deteaing 
the urget MS 140 may subsequemly telemeter back to the IC 142 measurement results related to signals from/to the target MS 140. 
Moreover, upon command, the target MS 140 will telemeter back to the LC 142 its own measurements of the deteaed LBSs 1 52. and 
consequently, this new kication information, in conjundon with location related information received Irom the BSs 122. can be used 
to bcate the urget MS 140. 

It should be noted that an LBS 152 will normally deny hand-off requests, since typically the IBS does not require the added 
complexity of handling voice or traffic bearer channels, although economics and peak traffic toad conditions would dktate preference 
here. GPS timing information, needed by any CDMA base sution, is either achieved via a the inclusion of a tocal GPS receiver or via a 
telemet7 process from a neighboring conventional 8S 122. which conuins a GPS receiver and timing information. Since energy 
requirements are minimal in such an IBS 152. (rechargeable) batteries or solar cells may be used to power the LBS. No expensive 
terrestrial transport link is typically required since two-way communication is provided by the included MS 140 (or an electronic 
variation thereof). Thus. LBSs 152 may be placed in numerous tecations. such as: 

(a) in dense urban canyon areas (e.g., where signal recefwion may be poor and/or very noisy); 

(b) in remote areas (e.g., biking, camping and skiing areas); 

(c) along highways (e.g., for emergency as well as monitoring traffic flow), and their rest stations; or 

(d) in general, wherever more location precision is required than is obtainable using other wireless infrastruaion network 

components. 



Location Center - Network Elements API Description 

A location appliation programming interface 136 (Fig. 4). or L-API. is required between the location center 142 (LC) and 
the mobile switch cemer (MSC) network element type, in order to send ami receive various control, signals and data messages. The L- 
API should be imptemented using a preferably high-capacity physical layer communications interface, such as IEEE standard 802J 
(10 base! f theraet). although other physical layer interfaces could be used, such as fiber optic ATM. frame relay, ecc. Two forms of 
API implementation are possible. In the first case the signals control and data mewages are realized using the MSC 112 vendor's 
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native operations messages inherent in the product offering, without any special modifications. In the second case the l-API includes 
a full suite of commands and messaging content specifically optimited for wireless location purposes, which may require some, 
ahbough minor developmem on the part of the MSC vendor. 

S Signal Processor Description 

Referring to Fig. 30. the signal processing subsystem receives control messages and signal measurements and transmits 
appropriate control messages to the wireless network via the loation applications programmmg interface referenced earlier, for 
wireless location purposes. The signal processing subsystem additionally provides various signal idintification. conditioning and pre- 
processing funaions. including buffering, signal type cbssificatioR. signal nitering. message contrDi and routing functions to the 
1 0 location estimate modules. 

; There can be several combinations of Delay Spread/Signal Strength sets of measurements made available to the signal 
processing subsystem 20. In some cases the mobile station 140 (fig. I) may be able to detea up to three or four Pilot Channels 
representing three to four Base Sutions, or as few as one Pilot Channel, depending upon the environment. Similarly, possibly more 
than one BS 122 can detea a mobile sutioo 140 transmitter signal, as evidenced by the provision of cell divenity or soft hand-off in 
the COMA standartls. and the fact that muluple CMRS' base station equipment commonly will overtap coverage areas, for each mobile 
station 140 or BS 122 transmitted signal detected by a receiver group at a station, multiple delayed signals, or "fingers" may be 
detected and tracked resulting from muhipath radio propagation conditions, from a given transmitter. 

In typical spread spectrum diversity CDMA receiver design, the "fint" finger represents the most direa. or least delayed 
multipath signal. Second or possibly third or fourth fingers may also be deteced and tracked, assuming the mobile station contains a 
sufficient number of data receivers. Although traditional TOA and TDOA methods would discard subsequem fingers related to the 
same transmitted finger, colleaion and use of these additional values can prove useful to reduce tocation ambiguity, and are thus 
colleaed by the Signal Processing subsystem in the Location Center 142. 

.. from the mobile receiver's penpeaive. a number of combinations of measurements could be made available to the 
Location Center. Due to the dispene and near-random nature of CDMA radio signals and propagation characteristics, traditional 
TOAADOA tocation methods have failed in the past, because the number of signals received in dHferent locations area different In a 
particularly small urban area, say less than 500 square feet, the number of RF signals and there multipath components may vary by 
over 100 percent. 

Due to the large capital outlay costs associated with providing three or more overlapping base sution coverage signals in 
every possible location, most praaical digital PCS deployments result in fewer than three base station pilot channels being reportable 
in the majority of location areas, thus resulting in a larger, more amorphous location estimate. This consequence requires a family of 
location estimate location modules, each firing whenever suitable data has been presented to a model, thus providing a location 
estimate to a backend subsystem which resolves ambiguities. 

In om> embodiment of this imrention using backend hypothesis resolution, by utiliting existing knowledge concerning base 
station coverage area boundaries (such as via the compilation a Rf coverage database - either via Rf coverage area simulations or 
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field t€jt$). the location error jpace is decreased. Negative logic Venn diagrams can be generated which deductively rule out certain 
location estimate hypotheses. 

Although the forward link mobile sution's received relative signal strength (RRSSgj) of deteaed nearby base station 
transmitter signals can be used directly by the location estimate modules, the COMA base station's reverse link rKeived relative signal 
strength (ms^) of the deteaed mobile station transmitter signal must be modified prior to location estimate model use, since the 
mobile station transmitter power tevel changes nearly continuously, and would thus render relative signal strength useless for 
loation purposes. 

One adjustment variable and one faaor value are required by the signal processing subsystem in the COMA air interface 
case: I.) instantaneous relative power level in dBm (IRPl) of the mobile sution transmitter, and 2.) the mobile station PowerClass. 
By adding the IRPL to the RRSS„5. a synthetic relative signal strength (SRSS«5) of the mobile sation MO signal deteaed at the B$ 122 
is derived, which can be used by location estimate model analysis, as shown below: 

SR$S„s = RR$$„s + IRPl (in dBm) 

SRSShs. a Wfreaed indication of the effeaive path loss in the reverse direaion (mobile station to BS). is now comparable with RRSS 
and can be used to provide a correlation with either distance or shadow fading because it now accounts for the change of the mobile 
station transmitter's power level. The two signals RR$S,s and SR$S„ can now be processed in a variety of ways to achieve a more 
robust correlation with distance or shadow fading. 

Although Rayleigh fading appears as a generally random noise generator, essentially destroying the correlation value of 
either RRSSgs or SRSS„s measurements with distance individually, several mathematical operations or signal processing funaions can 
be performed on each measurement to derive a more robust relative signal strength value, overcoming the advene Rayleigh fading 
effeas. Examples include averaging, taking the strongeu value and weighting the strongest value with a greater coefficient than the 
weaker value, then averaging the results. This signal processing technique takes advantage of the faa that although a Rayleigh fade 
may often exist in either the forward or reverse path, it is much less probable that a Rayleigh fade also exists in the reverse or 
forward path, respeaively. A shadow fade however, simiiiarly affeas the signal strength in both paths. 

At this point a COMA radio signal direaion-independent "net relative signal strength measurement" is derived which is 
used to estabfish a correlation with either distance or shadow fading, or both. Although the ambiguity of either shadow fading or 
distance cannot be determined, other means can be used in conjunaion. such as the fingers of the CDMA delay spread measurement, 
and any other TOA/TDOA calculations from other geographical points. In the case of a mobile station with a certain amount of 
shadow fading between its BS 122 (Fig. 2). the first finger of a CDMA delay spread signal is most likely to be a relatively shorter 
duration than the case where the mobile station 140 and BS 122 are separated by a greater distance, since shadow fading does not 
materially affea the arrival time delay of the radio signal. 

By performing a small modification in the control elearonics of the CDMA base station and mobile station receiver 
circuitry, it is possible to provide the signal processing subsystem 20 (reference fig. 30) within the location scenter 142 (Fig. I) with 
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data .hat exced .he one-co-one CDMA delay-spread fingers » dau receiver correspondence. Such additional information, in the form 
of add.tK,nal CDMA fingers (additional multipath) and all associated detectable pilot channels, provides new infonnation which is 
used to enhance to accuiaqr of the Location Center', location estimate location estimate modules. 

This enhanced capability is provided via a control message, sent from the Location center 142 to the mobile switch center 
12. and then to the base station{s) in communication with, or in close proximity with, mobile stations MO to be loated Two types of 
Iccatmn measurement request control messages are needed: one to instruct a target mobile station 140 (Le, the mobile station to be 
tocated) to telemeter its B$ pilot chann.1 measurements back to the primary BS 122 and fmm there to the mobile switch center (12 

and then to the location system 42. The second contn.1 message is sent fn,m the location system 42 to the moW^ 

then to frst the primary BS. instructing the primary B$' searcher receiver to output (i.e.. return to the initiating request message ' 

source) the detected target mobile stationMO transmitter COMA pilot channeloffset signal and their corresponding d^ 
finger, (peak) values and related relative signal strengths. 

... The control messages are implemented in standard mobile station 140 and BS 122 CDMA receivers such that all dau results 
from the search receiver and multiplexed resultsfrom the associated data receiversare available fortransmission^ 
Loa„on Center 142. Appropriate value ranges are required regarding mobile station 140 parameters T ADD T DROP and the 
rangesand values for the Active. Neighboringami Remaining Pilot sets registers, held within th^ 
mobile sution 140 receiver deuils have been discussed above. 

In the normal case without any specific multiplexing means to provide location measurements, exaaly how many COMA 
p.tot channels and delay spread fingen an or should be measured vary according to the number of data rece.en contained in each 
mobde stat,on 140. As a guide, it i, preferred that whenever Rf charaaeristics permit, at least three pilot channels and the strongest 
fim three fmgers. are collected and processed. From the BS 122 perspeaive. it is preferred that the strongest first four CDMA delay 
spread fmgers and the mobile station power level be colleaed and sem to the loation system 42. for each of preferably three BSs 122 
wh,ch can detea the mobile station 140. A much larger combination of measurements is potentially feasible using the extended data 
colleaion capability of the CDMA receivers. 

fig. 30 illustrates the components of the Signal Processing Subsystem. The main components consist of the input queue(s) 
7. signal class,f,er/filter 9. digital signaling processor 17. imaging fihen 19. output queue(s) 21. router/distributor 23. a signal 
processor database 26 and a signal processing controller 15. 

Inputqueues7arerequi.d in order to stage the rapid acceptance ofasignificantamoum of Rf signal measurement dau 
used for either location estimate purposes or to accept autonomous loation data. Each teation request using fixed base stations ' 
may. m one embodiment, contain from I to 128 n.dio frequency measurements from the mobile station, which translates to 
approximately 61 .44 kilobytes of signal measurement data to be coltected within 10 seconds and 128 measurements from each of 

posstbly four base stations, or 24$.76«lobytesforall base sutions.foratotalofappro«in,ately 640 Signal mea 

five sources, or 307.2 kilobytes to arrive per mobile statk,n loation request in 10 seconds. An input queue storage space is assigned at 

the momem a location request begin, in order to establish a formatted data structure in persistem store. Depending upon the 
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urgency of the time required to render a location estimate, (ewer or more signal measurement samples can be aken and stored in the 
input queue(s) 7 accordin|ly. 

The signal processing subsystem suppom a variety of wireless network signaling measurement capabilities by deteaing the 
capabilities of the mobile and base sation through messaging struaures provided bt the location application programming interface. 
Detection is accomplished in the signal cfassifier 9 (Fig. 30) by referencing a mobile station database table within the signal processor 
database 26, which provides, given a mobile station identificatioa number, mobile station revision code, other mobile station 
charactersitia. Similiarly. a mobile switch center table 31 provides M$C characteristics and identifications to the signal classiner/filter 
9. The signal classifier/Tilter adds additional message header information that further classifies the measurement data which allows 
the digital signal processor and image filter componentt to selea the proper internal processing subcomponems to perform 
operations on the signal measurement data, for use by the location estimate modules. 

Regarding service control point messages autonomously received from the input queue 7. the signal classifier/filter 9 
detemtnes via a signal processing database 26 query that the message is to be associated with a home base station module. Thus 
appropriate header information is added to the message, thus enabling the message to pass through the digital signal processor 17 
unaffected to the output queu 21. and then to the router/distributor 23. The router/distributor 23 then routes the message to the HBS 
first order model. Those skilled in the an will understand that associating location requests from Home Base Station configurations 
require substantially less dau: the mobile identification number and the associated wireline telephone number transmission from the 
home location register are on the order of less than 32 bytes. Consequentially the home base station message type could be routed 
without any digital signal processing. 

Output queue(s) 21 are required for similar reasonsas input queues 7: relatively large amounts of data must be held in a specific 
format for fuaher location processing by the location estimate modules. 

The router and distributor component 23 is responsible to direaing specific signal measurement data types and struaures 
to their appropriate modules, for example, the HBS f OM has no use for digital filtering struaures. whereas the TDOA module would 
not be able to process an HBS response message. 

The controller IS is responsible for suging the movement of data among the signal processing subsystem 20 components input queue 
7, digital signal processor 17. router/distributor 23 and the output queue 21, and to initiate signal measurments within the wireless 
network, in response from an internet 1 68 location request message in Fig. I, via (he ktation application programming interface. 

In addition the controller IS receives autonomous messages from the MSC . via the loation applications programming 
interface (Fig. I) or L-API and the input queue 7, whenever a 9-1-1 wireless call is originated. The mobile switch center provides this 
autonomous notification to the location system as foltows: By specif iying t"he appropriate mobile switch center operations and 
maintenance commands to surveil calls based on certain digits dialed such as 9-1-1. the location applications programming interface, 
in communications with the MSCs, receives an autonomous notification whenever a mobile station user dials 9-1 -I . Specifically, a bi- 
direaional authorized communications port is configured, usually at the operations ami maintenance subsystem of the MSCs. or with 
their associated network element manager system($). with a dau circuit, such as a D$-l, with the tocation applications programming 
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interface in Fig. I. Neit. the "call traa" capability of the mobile switch center is aaivated (or the respeaive communications port. 
The exaa imptemeniation of the vendor-specific man-machine or Open Systems Interiace (OSI) commands(j) and their associated 
data jtruaurei geneially vary among MSC vendon. however the tnce funaion is generally available in various forms, and is required 
in order to comply with federal Bureau of Investigation authorities for wire tap purposes. After the appropriate surveillance 
commamlsare established on the MSC. such 9-1-1 call notifications messages containing the mobile station identification number 
(MIN) and. in phase I £9-1-1 implementations, a pseudo-automatic number identication (a.lca. pANI) which provides an association 
with the prima7 base station in which-the 9-1-1 caller is in communicaiton. In cases where the pANI is known from the onset, the 
signal processing subsystem avoids querying the HSC in question to determine the prima7 base sution identification associated with 
the 9-1-1 mobile sution aller. 

After the signal processing controller 15 receives the first message type, the autonomous notification message from the 
mobile switch center 1 12 to the location system 42. containing the mobile identification number and optionally the primary base 
sution identification, the controller IS queries the base station table 13 in the signal processor database 26 to determine the sutus 
and availability of any neighboring base stations, including those base stations of other CURS in the area. The definition of 
neighboring base stations include not only those within a provisionable "hop" based on the cell design reuse factor, but also includes, 
in the case of COMA, results from remaining set information autonomously queried to mobile stations, with results stored in the base ' 
station table. Remaining set information indicates that mobile stations can detea other base station (seaor) pilot channels which 
may exceed the "hop" distance, yet are nevenheless candidate base stations (or senors) for wirtless location purposes. Although 
cellular and digital cell design may vary, "hop" distance is usually one or two cell coverage areas away from the prima^ base 
Station's cell coverage area. 

Having determined a likely set of base stations which may both detert the mobile station's transmitter signal, as well as to 
determine the set of likely pilot channels {i.e. base stations and their associated physical antenna seaors) deteaable by the mobite 
station.in the area surrounding the primary base station (sector), the controller IS initiates messages to both the mobile station and 
appropriate base stations (sectors) to perform signal measurements and to return the resulu of such measurements to the signal 
processing system regarding the mobile station to be located. This step may be accomplished via several interface means. In a fim 
case the controller IS utilizes, for a given HSC. predetermined storage information in the MSC table 31 to determine which type of 
commands, such as man-machine or OSI commands are needed to request such signal measrurements for a given HSC. The controller 
generates the mobile and base sution signal measurement commands appropriate for the MSC and passes the commands via the 
input queue 7 and the locations application programming interface in fig.l. to.the appropriate MSC. using the authorized 
communications port mentioned eariier. In a second case thecontroller IS communicates direaly with base stations within having to 
interface directly with the MSC for signal measurement extraction. 

Upon receipt of the signal measurements, the signal classifier 9 in fig. 30 examines location application programming 
interface-provided message header information from the source of the tocation measurement (for example, from a fixed BS 122. a 
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oMbile station 140. a distributed antenna jystem 168 in fig. I or message location data related to a home base station), provided by 
the location applications programming interface (L-API) via the input queue 7 in fig. 30 and determines whether or not device filten 
17 or image filters 1 9 are needed, and assesses a relative priority in processing, such as an emergency venus a background location 
task, in terms of grouping like data associated with a given location request. In the case where multiple signal measurement requests 
are outstanding for various base stations, some of which may be associated with a different CMRS network, and additional signal 
classifier funaion includes sorting and associating the appropriate incoming signal measuremems together such that the digital 
signal processor 17 processes related measurements in order to buiM ensemble data see. Such ensembles allow for a variety of 

funaions such as averaging, outlier removal overatimeperiod. and related fiftering funaions. and further p^^^ 
from occuring in location estimate processing. 

Another function of the signal classifier/low pass filter component 9 is to filter information that is not useable, or 
information that couM introduce noise or the effea of noise in the location estimate modules. Consequently low pass matching filten 
aie used to match the in-common signal processing components to the charaaeristics of the incoming signals. Low pass filters match: 
Mobile Station, base station. CMRS and MSC charaaeristics. as wall as to classify Home Base Station messages. 

The signal processing subsystemcontains a base station database table 13 (Fig. 30) which captures the maximum number 
of COMA delay spread fingen for a given base station. 

The base station identification code, or CLII or common language level identification code is useful in identifying or 
relating a human-labeled name descriptor to the Base Station. Latitude. Longitude and elevation values are used by other subsystems 
in the kication system for calibration and estimation purposes. As base stations and/or receiver charaaeristics are added, defeted. or 
changed with respea to the network used for location purposes, this database table must be modified to reflea the current network 
configuration. 

Just as an upgraded base sution may detea additional COMA delay spread signals, newer or modified mobile stations may 
detea additional pilot channels or CDMA delay spread fingers. Additionally different makes and models of mobite stations may 
acquire improved receiver sensitivities, suggesting a greater coverage capability. The tabte bebw esuWishes the relationships among 
various mobile sution equipment suppliers and certain technical data relevant to this hKation invention. 

Although not strialy necessary. The MIN can be populated in this table from the PC Service Provkler's Customer Care 
system during subscriber aaivation and fulfillment, and couM be changed at deaaivation. or anytime the end-user changes mobile 
stations. Alternatively, since the MIN. manufaaurer. model number, and software revision level information is available during a 
telephone call, this information couM extraaed during the call, and the remaining fields populated dynamically, based on 
manufaaurer's- specifications information previously stored in the signal processing subsystem 20. Default values are used in cases 
where the MIN is not found, or where certain information must be estimated. 

A tow pass mobile statnn filter, conuined within the signal classifier/low pass filter 9 of the signal processing subsystem 
20. uses the above table data to perform the following funaions: I) act as a low pass filter to adjust the nominal assumptions related 
to the maximum number of CDMA fingers, pilots deteaabte: and 2) to determine the transmit power class and the receiver thermal 
noise floor. Given the deteaed reverse path signal strength, the required value of SRSS,,. a correaed indication of the effective path 
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loM in the reverse direction (mobile station to BS). can be calcutated based data contained within the mobile station able II. stored 
in the signal processing database 26. 

The effects of the maximum Number of CDMA fingers allowed and the maximum. number of pilot channels allowed 
essentially form a low pass filter effea. wherein the least common denominator of characteristics are used to filter the incoming RF 
signal measurements such that a one for one matching occun. The effect of the transmit power class and receiver thermal noise floor 
values is to mrnaWit the charaaeristics of the incoming Rf signals with respea to those RF signals used. 

The signal classifier/filter 20 is in communication with both the input queue 7 and the signal processing database 26. In 
the early stage of a location request the signal processing subsystem 142 in Fig. 4. will receive the initiating location request from 
either an autonomous 9-1-1 notification message from a given MSC. or from a location application (for example, see Fig. 36). lor 
which mobile station charaaeristia about the orget mobile station 140 (Fig. I) is required. Referring to Fig. 30. a query is made 
fromthe signal processing controller 15 to the signal processning database 26. specifically the mobile station table II. to determine if 
the mobile sution charaaeristia associated with the HIN to be located is avaibble in table 1 1, if the dau exists then there is no need 
for the controller 15 to query the wireless network in order to determine the mobile sution charaaeristics. thus avoiding additional 
real-time processing which would otherwise be required aaoss the air interface, in order to determine the mobile station MIN 
charaaeristics. The resulting mobile station information my be provided eithervia the signal processing daubase 26 or alternatively 
a query may be performed directly from the signal processing subsystem 20 to the MSC in order to determine the mobile station 
charaaeristics. 

Referring now to Fig. 31. a location application programming interface, L-API-CCS 139 to the appropriate CMRS customer 
are system provides the mechanism to populate and update the mobile station table 1 1 within the database 26. The L-API-CCS 139 
contains its own set of separate input and output queues or similar implementations and security controls to ensure that provisioning 
data is not sent to the intorrea CHRS. and that a given CMRS cannot access any other CMRS* data. The interface 1155a to the 
customer care system for CMRS-A 1 1 50a provides an autonomous or periodic notification and response application layer protocol 
type, consisting of add. delete, change and verify message functions in order to update the mobile sution ubie 1 1 within the signal 
processing daubase 26. via the controller 1 5. A similar interface I iSSb is used to enable provisioning updates to be received from 
CMRS-:B customer care system 1 150b. 

Although the l-API-Ca application message set may be any protocol type which supports the autonomous notification 
oieuage with positive acknowledgment type, the TIHIi group within the American National Standards Institute has defined a good 
surting point in whkh the l-API-CCS could be implememed. using the robust OSI TMH X-interface at the service management layer. 
The objea model defined in Sumlards proposal number TIMI.5/96.22R9. Operations Administration. Maintenance, and Provisioning 
(OAM&P) - Model for Interface Across Jurisdiaional Boundaries to Support Elearonic Access Seivice Ordering: Inqui^ funaion. can 
be extended to support the L-API-CCS information elements as required and further discussed below. Other choices in which the L- 
API-CCS application message set may be implemented include ASCII, binary, or any enc^pted message set encoding using the Internet 
protocols, such as TCP/IP, simple network management protocol, http, https. and email protocols. 



36 



wo 98/10307 PCT/US97/15892 

Referring to the digiul j^nal procejjor (DSP) 17, in communication with the signal clajjifierAP filter 9. the DSP 17 
providej a lime seriej expansion method to conven non-HBS data (rom a format of an signal measure data ensemble of time-series 
based radio frequency data measurements, collected as diKrete time-slice samples, taa three dimensional matrix location dau value 
image representation. Other techniques further filter the resulunt image in order to furnish a less noisy training and actual daU 
sample to the location estimate modules. 

After 128 samples (in one etnbodiment) of dau are collected of the delay spread-relative signal strength RF data 
measurement sample: mobile sufion RX for BS-I and grouped into a quantization matrix, where rows constitute relative signal 
sttength intervals and columns define delay intervals. As each measurement row, column pair (which could be represented as a 
complex number or Qrtesian point pair) is added to their respective values to generate a Z direaion of frequency of recurring 
measurement value pairs or a density recurrence f unaion. By next applying a grid function to each x. y. and i value, a three- 
dimensional surface grid is generated, which represents a location data value or unique print of that 128-sample measurement. 

In the getieral case where a mobile station is looted in an environment with varied clutter patterns, such as terrain 
umlulations. unique man-made struaure geometries (thus creating varied multipath signal behaviors), such as a city or suburb, 
although the first CDMA delay spread finger may be the same value for a fixed distance between the mobile station and BS antennas, 
as the mobile sution moves across such an arc. different finger-data are measured. In the right image for the defined B$ antenna 
sector, location classes, or squares numbered one through seven, are shown across a particular range of line of position (LOP). 

A traditional TOA/TDOA ranging method between a given BS and mobile station only provides a range along the arc. thus 
introducing ambiguity error. However a unique three dimensional image can be used in this method to specifically identify, with 
recurring probability, a particular unique location class along the same Line Of Position, as long as the multipath is unique by 
position but generally repeatable. thus establishing a method of not only ranging, but also of complete latitude, longitude location 
estimation in a Cartesian space. In other words, the unique shape of the "mounoin image" enables a correspondence to a given 
unique location class along a line of position, thereby eliminating traditional ambiguity error. 

Although man-made external sources of interference, Rayleigh fades, adjacent and co-channel interference, and variable 
clutter, such as moving traffic introduce unpredictability (thus no "mountain image" would ever be exaaly alike), three basic types 
of filtering methods can be used to reduce matching/comparison error from a training case to a location request case: I .) selea only 
the strongest signals from the forward path (BS to mobile station) and reverse path (mobile station to BS). 2.) Convolute the forward 
path 128 sample image with the reverse path 128 sample image, and 3.) process ail image samples through various digiul image 
filters to discard noise components. 

In one embodiment, convolution of forward and revene images ;$ performed to drive out noise. This is one embodiment 
that essentially nulls noise completely, even if strong and recurring, as long as that same noise charaaeristic does not occur in the 
opposite path. 

The third embodiment or technique of processing CDMA delay spread profile images through various digital image filters, 
provides a resultant "image enhancement" in the sense of providing a more stable pattern recognition paradigm to the neural net 
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location estimate model for example, image histogram equaliiation an be used to rearrange the images* intensity values, or density 
recurrence values, so that the Im^e's cumulative histogram is approximately linear. 

Other methods which an bt used to compensate for a concentrated histogram include: I ) Input Cropping. 2) Output 
Cropping and 3) Gamma Correction. Equalization and input cropping can provide particubriy striking benefits to a CDMA delay 
spread profile image. Input cropping removes a large percentage of random signal charaaeristia that are non-recurring. 

Other filten and/or filter combinations an be used to help distinguish between stationary and variable clutter affecting 
multipath signals, for example, it is desitable to rejea multipath fingerj associated with variable clutter, since over a period of a few 
minutes such fingers would not likely recur, further filtering can be used to remove recurring (at least during the sample period), and 
possibly strong but narrow "pemils" of Rf energy. A narrow pencil image component could be represented by a near perfea reflective 
surface, such as a nearby metal panel truck stopped at a traffic light. 

..^ On the other hand. stationa7 flutter objeas. such as concrete and glass building surfaces, adsorb some radiation before 
continuing with a reflected ray at some delay. Such stationa^ clutter-affected CDMA fingers are more likely to pass a 4X4 neighbor 
Median filter as well as a 40 to 50 percent Input Crop filter, and are thus more suited to neural net pattern recognition.. However 
when subjeaed to a 4X4 neighbor Median fiher and 40 percent clipping, pencil-shaped fingers are deleted. Other combinations 
include, for example, a 50 percent cropping and 4X4 neighbor median filtering. Other filtering methods include custom linear 
filtering, adaptive (Weiner) filtering, and custom nonlinear filtering. 

The DSP 17 may provide data emsemble results, such as extraaing the shoitest time delay with a detectable relative signal 
strength, to the router/distributor 23. or alternatively results may be processed via one or more image filters 1 9. with subsequent 
transmission to the router/distributor 23. The router/distributor 23 examines the processed message data from the DSP 17 and stores 
routing and distribution information in the message header. The router/distributor 23 then forwards the data messages to the output 
queue 21. (or subsequent queuing then transmission to the appropriate location estimator fOMs. 



LOCATION CENTER HIGH LEVEL fUNQIOHAllTY 

At a very high level the location center 142 computes location estimates for a wireless Mobile Station 140 (denoted the 
"target MS" or "MS") by performing the following steps: 

(23.1) receiving signal transmission charaaeristks of communications communicated between the target MS 140 and one or 
more wireless infrastruaure base stations 122; 

(23 J) filtering the received signal transmission characteristics (by a signal processing subsystem 1220 illustrated in fig. S) as 
needed so that target MS location data can be generated that is uniform and consistem with location data generated from other 
target HSs 140. In particular, such uniformity and consistency is both in terms of data structures and interpretation of signal 
charaaeristic values provided by the MS tecation data; 
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(23J) inputting the generated urget MS loation data to one or more MS location ejtimating models (denoted Pirjt order models 
or fOMs, and labeled colleaively as 1224 in Fig. S). so that each such model may use the input urget MS location data for geneiating 
a "location hypothesis" providing an estimate of the location of the target MS 140; 

(23.4) providing the generated location hypotheses to an hypothesis evaluation module (denoted the hypothesis evaluator 1 228 in 
fig.S): 

(a) for adjusting at leait one of the target MS location estinrates of the generated location hypotheses and related 
conridence values indicating the ionfidence given to each location estimate, wherein such adjusting uses archival information related 
to the accuracy of previously generated location hypotheses, 

(b) for evaluating the location hypotheses according to various heuristics related to, for example, the radio coverage 
area 120 terrain, the laws of physics, characteristics of likely movement of the urget MS 140; and 

(c) for determining a most likely location area for the target MS 140, wherein the measurement of confldence 
associated with each input MS location area estimate is used for determining a "most likely location area"; and 

(23.5) outputting a most Ckely target MS location estimate to one or more applications 1232 (Fig. 2.0) requesting an estimate of 
the h)cation of the urget MS 140. 

Location Hypothesis Oau RepresenUtion 

In order to describe how the steps (23.1) through (23.S) are performed in the seaions below, some introduaory remarks 
related to the dao denoted above as tocation hypotheses will be helpful. Additionally, it will also be helpful to provide introductory 
remarks related to historical kication data and the dau base management programs associated therewith. 

foreach urget MS fecation estimate ^nerated and utilized by the present invention, the location estimate is provided in a 
dau jtruaure (or objea class) denoted as a "location hypothesis" (illustrated in Table LH-I ). Although brief descriptions of the data 
fields (or a location hypothesis is provided in the Table LH-I. many fields require additional explanation. Accordingly, location 
hypothesis data fields are further described as noted betow. 

Table LH-I 



FOM^IO 


first order model ID (providing this Location Hypothesis): note, since it is possible for location 




hypotheses to be generated by other than the FOMs 1224, in general, this field identifies the 




module that generated this location hypothesis. 


H$__1D 


The identification of the target MS 140 to this location hypothesis applies. 


ptest 


The most likely location point estimate of the target MS 140. 


vaWpt 


Boolean indicating the validity of "pt est**. 
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confidence 



OriginalTimestamp 



ActiveTimestamp 



areaest 


1 Location Area Estimate of the target MS 140 provided by the fOM. This area estimate will be 
used whenever "image^area" below is NULL, 


validarea 


1 Boolean indicating the validity of "area^est" (one of "pi^est" and "area est" must be 
valid). 


adjust 


j Boolean (true if adjustments to the fields of this location hypothesis are to be performed in 
1 the Context adjuster Module). 


picovering 


Mierence lo a jubstantally minrmal area (e.g^ mesh cell) covering of ''pt_est". Note, since 
this MS 140 may be substantially on a cell boundary, this covering may. in some ases. include 
more than one cell. 


image^area 


Reference toa subsuntially minimal area (e.g.. mesh cell) covering of "pt_coyering" (see 
ucidiieu oejcription oi tne tunaion. confidence adjuster"). Note that if this field is not 
NULL, then this is the urget MS location estimate used by the location center 142 instead of 
"areaest". 


extrapolation_area 1 


Reference to (if non-NULl) an extrapoUted MS target estimate ar?a provided by the location 
extrapolator submodule 1432 of the hypothesis analyzer 1332. That is. this field, if non-NULl, 
isan extrapolation of the "image_area" Held if it exists, otherwise this field is an 
extrapolation of the arBa_est field. Note otherextrapolation fields may also be provided 
depending on the embodiment of the present invemion. such as an extrapolation of the 
"ptcovering". 



A real value in the range (-1.0. + 1.0] indicating a likelihood that the target MS 140 is in (or 
out) of a particular area. II positive: if "image.area" exists, then this is a measure of the 
likelihood that the target MS 140 is within the area represented by "image_area". or if 
•image_area" has not been computed (e.g.. "adjust" is FALSE), then "area est" must be 
valid and this is a measure of the likelihood that the target US 140 is within the area 
represented by "area_est". If negative, then "area_est" must be valid and this is a measure 
of the likelihood that the target MS 140 is NOT in the area represented by "area_esi". If it is 
zero (near zero), then the likelihood is unknown. 



Date and time that the location signature duster (defined hereinbelow) for this location 
hypothesis was received by the signal processing subsystem 1220. 



Run-iitne field providing the time to which this location hypothesis has had its HS location 
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estimate(s) extrapolated (in the loation extrapolator 1432 of the h/pothesis analyzer 1332). 
Note that this field is initialized with the valiie from the "Original Timestamp" field. 


Proceuing Tagj and environinenul 
Gitegorizations 


For indicating particular types of environmental classifications not readily determined by the 
-Original limestamp- field (e.g.. weather, traffic), and restriaions on location hypothesis 
processing. 


loc_$ig_clujter 


Provides access to the collection of loation signature signal characteristics derived from 
communications between the target MS MO and the base station(s) deteaed by this H$ 
(discussed in deuil hereinbelow): in particular, the location data accessed here is provided to 
the first order models by the signal processing subsystem 1220; i.e.. access to the "loc sigs" 
(received at "timestamp" regarding the location of the target MS) 


descriptor 


Original descriptor (from the First order model indicating why/how the Loation Area Estimate 
and Confidence Value were determined). 



As can be seen in the Table LH-I. each location hypothesis data struaure includes at least one measurement, denoted 
hereinafter as a confidence value (or simply confidence), that is a measurement of the perceived likelihood that an MS location 
estimate in the location hypothesis is an accurate location estimate of the urget MS 140. Since such confidence values are an 
importam aspea of the present invention, much of the description and use of such confidence values are described below; however, a 
brief description is provided here. Each such confidence value is in the range -1.0 to 1.0. wherein the larger the value, the greater the 
perceived likelihood that the target MS 140 is in (or at) a corresponding MS location estimate of the location hypothesis to which the 
confidence value applies. As an aside, note that a location hypothesis may have more than one MS location estimate (as will be 
discussed in detail below) and the confidence value will typically only correspond or apply to one of the MS location estimates in the 
location hypothesis, further, values for the confidence value fiekl may be interpreted as: (a) -1.0 may be interpreted to mean that 
the target MS 140 is NOT in such a corresponding MS area estimate of the location hypothesis area, (b) 0 may be interpreted to mean 
that it is unknown as to the likelihood of whether the MS 140 in the corresponding MS area estimate, and (c) + 1 .0 may be 
interpreted to mean that the MS 140 is perceived to positively be in the corresponding MS area estimate. 

Additionally, note that it is within the scope of the present invention that the location hypothesis data struaure may also 
include other related -perception" measurements related to a likelihood of the target MS 140 being in a panicular MS tocation area 
estimate. For example, it is within the scope of the present imrention to als^ utilize measuremems such as. (a) "sufficiency factors" 
for indicating the likelihood that an MS tocation estimate of a loation hypothesis is sufficient for loatini the target MS 140; (b) 
"necessity lacton" for indiating the necessity that the target MS be in an particular area estimate. However, to more easily describe 
the presem invention, a single confidence field is used having the interpreution given above. 
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Additionally, in utilizing location hypotheses in. for example, the loation evaluator 1228 as in (23.4) above it is important 
to keep .n mind that each tocation hypothesis conrtdence value is a relative measurement, that i, for confidences, cf, and cf, if cf. 
< - cf, then for a location hypotheses H, and having cf. and cf, respectively, the target M$ 140 is expected to more likely reside 
m a target MS estimate of H, than a target MS estimate of H,. Mon^ver. if an area. A. is such that it is indud«f in a plurality of 
location hypothesis target MS estimates, then a confidence score. CS, can be assigned to A. wherein the confidence score for such an 
area .s a funamn of the confnJences (both positive and negative) for all the loatton hypotheses whose (most perti,«nt) target MS 
locat«nest.matesco„uinA.Thatis.inordertodetenni„eamostBkelyta,g,tMSIocationareaesti 
loat»ncenterl42.aconfidence score isdeterminedforareas within the locattoncenterservicearea. Mo. ^ 
T.«af«nct.onoftheconfid«nce(s)of location hypotheses, and f is a monotonic funaion in its parameten and f(cf. cf, cf, 
cf«) - CS. forconfidencescfiof tocationhypothesesH,i=U.-,N.witha,containedintbeareaestin,ateforH thenT is 

denotedaconfKience score funaion. Accordingly.there are many embodimentsforaconfidencescorefun 
in computing confidence scores with the present invention; e.g.. 

(a) f(cf,.cf,....cf,) = Scf, = CS,: 

(b) f(cf,. cf, _. . cfn) = S cf," = a,, n = 1, 3. 5. 

(c) f(c(..cf,_.d„) = S(K.-cf,) = CS.. wherein 1^. i ^ '.2- -prepositive system (tunable) constants (possibly 
dependent on envi«,nmental charaaeristics such as topography, time. date, traffic, weather, and/or the type of base sta.ion(s) 122 
from which location signatures with the target MS 140 are being generated, etc). 

For the present description of the invention, the funaion f as defined in (c) immediately above is utilized. However for 
obtaming a general understanding of the present invention, the simpler confidence score function of (a) may be more useful It is 
.mportam to note.though. that it is within the scope of the present invention to use other functions for the conM^^^^ 
Coverage Area: Area Types And Their Octermination 

_ The notion of "area type" as related to w.reless signal transmission characteristics has been used m many investigations of 
n.d.0 signal transmission charaaeristks. Some invest.gators. when investigating such signal charaaeristics of areas have used 
somewhat naive area classifications such as urban, suburban, rural, etc. However, it is desirable for the purposes of the present 

-nvention to haveamoreoperationaldefinitionof area types that is more dosely associated with wiieless signal tran^ 
behaviors. 

To descnbe embodimenu of the an area type scheme used in the present invention, some introduaory remarks are first 
pmvided. Note that the wireless signal transmission behavior for an area depends on at least the following criteria: 

(23.8.1) subsuntBlly invariant terrain characteristics (both natural and man-made) of the area: e.g.. mountains. 
buiWings, lakes, highways, bridges, building density; 

(23.8.2) time varying environmental characteristics (both natural and man-made) of the area; e.g., foliage, traffic, 
weather, special events such as baseball games; 
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(23.8J) wirelejs communication componenu or infrajtruaure in the area; e.g^ the arrangement and signal 

communication charaaeristicj of the base stations 122 in the area, further, the antenna charaaeristics at the base 
stations 122 may be important criteria. 
Accordingly, a description of wireless signal charaaeristics for determining area types could potentially include a 
5 characterization of wireless signaling attributes as they relate to each of the above criteria. Thus, an area type might be: hilly, treed, 
suburban, having no buildings above SO feet, with base stations spaced apart by two miles. However, a ategorization of area types 
is desired that is both more closel/ tied to the wireless signaling characteristia of the area, and is capable of being computed 
substantially automatically and repeatedly over time. Moreover, for a wireless location system, the primary wireless signaling 
characteristia for categorizing areas into at least minimally similar area types are: thermal noise ami. more importantly, multipath 
10 characteristia (e.g.. multipath fade and time delay). 

focusing for the moment on the multipath characteristia. it is believed that (23.8.1) and (23.8.3) immediately above are. 
in general, more important criteria for accurately locating an MS 140 than (23.8 J). That is. regarding (23.8.1). multipath tends to 
increase as the density of nearby vertial area changes increases. For example, multipath is particularly problematic where there is a 
high density ol high rise buildings and/or where there are closely spaced geographic undulations. In both cases, the amount of 
15 change in vertical area per unit of area in a horizontal plane (for some horizontal reference plane) may be high. Regarding (23.83). 
the greater the density of base sutions 122. the less problematic multipath may become in loating an MS 140. Moreover, the 
arrangement ol the base stations 122 in the radio coverage area 120 in Fig. 4 may aflea the amount and severity of multipath. 

Accordingly, it would be desirable to have a method and system for straightforwardly determining area type classifications 
related to multipath. and in panicular, multipath due to (23.8.1) and (23.83). The presem invemion provides such a 
20 determination by utilizing a novel notion of area type, hereinafter denoted "transmission area type" (or. "(transmission) area type- 
when both a generic area type classification scheme and the transmission area type discussed hereinafter are intended) for classifying 
"similar" areas, wherein each transmission area type class or categ07 » intended to describe an area having at least minimally 
similar wireless signal transmission charaaeristics. That is. the novel transmission area type scheme ol the present invention is based 
on: (a) the terrain area classifications; e.g.. the terrain of an area surrounding a target MS 140. (b) the configuration of base stations 
25 122 in the radio coverage area 120. and (c) charaaerizations of the wireless signal transmission paths between a target MS 140 
location and the base sutions 122. 

In one embodiment of a method and system for determining such (transmission) area type approximations, a partition 
(denoted hereinafter as P,) is imposed upon the radio coverage area 120 for partitioning for radio coverage area into subareas. 
wherein each subarea is an estimate of an area having included MS 140 locations that are likely to have is at least a minimal amount 
30 of similarity in their wireless signaling characterbtics. To obtain the partition Pj of the radio coverage area 1 20. the following steps 
are perlormed: 

(23.8.4.1) Panition the radio coverage area 120 into subareas, wherein in each subarea is: (a) connected, (b) variations in 
the lengths of chords sectioning the subarea through the centroid of the subarea are below a predetermined 
threshold, (c) the subarea has an area below a predettrmined value, and (d) for most locations (e.g.. within a first 
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" «.«! tomb.) ,.,„3 .fco- ,i,„,i„, ^ ^ . 

COMA a «„, c^ta„„ ^ ^. „„ ^ ^ ^ 

<».np m uc^ „ „ „^ ^ ,^ . . 

»», h .^pitoi^, 3.,^, a, „„p„„^,^ ,„.^,,„^ ^^^^ ^^^^ ^^^^^ ^ 

3 p™i.«, 1^. ,-, , ^ ^ ^^^^^^^^^^^^ 

.-.pfcm™ .«g ,h i, tau.n „s.„.„ i„a 6a„ Ii20 (,.,.. ,„3,„„ 
dratn AioioBi In toil h.™taio,). o,n«„ in, ,„.|,„j pa„i,i„ h,„ j,,, 

P„l,|„ u, ™,l.<™„,.,„« no >.ta«a..»l.„l„ach =.bar.a app.a„ .o to. 
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-.m« «-l.c.,,n,g, a.a ,.a,«WM a,™i.„a,,»i,. i»„(i„t. ,„.^. E3^^^ ,^ 
L.»mo«,, CO a, p™.* „„pfc , ^ _^ 

partition here as P^, 

(23.8A3) Overlay both of th. abov. partitions of tl,e ndio coverage area 120 to obtain new subareas tf,at are 

.ntenea.ons of the subareas fro. each of the above paaitions. This new partition is Po (i.e.. = P. intersect 
P;). and the subareas of it are denoted as "P, subareas". 

«»a„.^^^ 

- ("••■'l'')»'..™i«»3,.a,,T»<,,,,„|,au...cl,,.,,„,H,,.^,a,.,p,. ,„.„„pfc.a,„^3„,, „,p^ 

c.,.,^m«l U« a«.rti.g „ * „.„l»,., |„„ ,jj ,„ ^^^^ i. <„ , , |,„) 

a..^l.«l,,M.,Kha.3,..,.„|.,o,,,.^.„a,^^,,,„,^^,^„.^^^^^^,_^^^^^^^^^ 
sta.»« 122 ta a„ » b. d««M b, a »,„ ,a^, m, „o » ,b. a„a A. 0,b„ a„ al» 

P«.*. »b a, a ca,.pri«,i.„ «b,™, .b,™ .a,b ca, ™, «,„,p.„d „ . ,r,p„: .1 a. 
(S. 2.1). ,b,« ,.,a ,^„a A .1 * <a,c8.^. ,b,„ a «™„ „ of S to i „ 
>««ld.,«.l.»«p«.d.l,b«„|«a*nu..s...i,bi,ata.,«<.„«teia,„,,rt,„,,^^^ 

.ba, a« ,.p«,rt „ b, d„„„ b, a ,a,p, m NO I, A b„, ■b,„ ba„ ,«lo,> <a„ ™, ^ 
HS. and ,h,„ I, ... ba„ „a„.. 122 ,ba, , „p.„,d „ ^ „ , „ , ^_ 
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(23.8.4^) Determine an area type categorization scheme for the subareas of Note that the subanas of Pj may be 
categorized according to their jimilarities. In one embodiment, such ategorits may be somewhat similar to the 
naive area types mentioned above (e.g, dense urban, urban, suburban, rural, mountain, etc.). However, it is also 
an aspect of the present invention that more precise categorizations may be used, such as a category for all areas 
having between 20.000 and 30.000 square feet of vertical area change per 1 1.000 square feet of horizontal area 
and also having a high traffic volume (such a category likely corresponding to a "moderately dense urban" area 
type). 

(23.8.4.<) Categorize subareas of Pj with a categorization scheme denoted tlie "Pj categorization." wherein for each Po 
subarea. A, of Pq a "P, area type" is determined for A according to the following $ub$t€p($): 

(a) Categorize A by the two categories from (23.8.4.4) and (23.8.5) with which it is identified. Thus. A is 
categorized (in a corresponding Po area type) both according to its terrain and the base station 
infrastructure configuration in the radio coverage area 120. 
(23.8.4.7) for each subarea. A. of P, perform the following $tep(s): 

(a) Determine a centroid, C(A), lor A; 

(b) Determine an approximation to a wireless transmission path between C(A) and each base station 122 
of a predetermined group of base stations expeaed to be in (one and/or two-way) signal 
communication with most target MS 140 locations in A. For example, one such approximation is a 
straight line between C(A) and each of the base stations 122 in the group. However, other such 
approximations are within the Kope of the present invention, such as. a generally triangular shaped 
area as the transmission path, wherein a fint vertex of this area is at the corresponding base station 
for the transmission path, and the sides of the generally triangular shaped defining the first venex 
have a smallest angle between them that allows A to be completely between these sides. 

(c) For each base station 1 22. BS,. in tte group mentioned in (b) above, create an empty list. B$;-list, and 

put on this list at least the P, area types lor the "significant" Pg subareas crossed by the 
transmission path between C(A) ami BS;. Note that "significant" Po subareas may be defined as. for 
example, the Pj subareas through which at least a minimal length of the transmission path traverses. 
Alternatively, such "significant" Po subareas may be defined as those Pj subareas that additionally 
are know or expeaed to generate substantial multipath. 

(d) Assign as the transmission area type for A as the collection of BSrlists. Thus, any other Po subarea 

having the same (or substantially similar) collection of lists of Po area types will be viewed as having 
approximately the same radio transmission characteristics. 
Note that other transmission signal characteristics may be incorporated into the transmission area types, for example, 
thermal noise charaaeristics may be included by providing a third radio coverage area 120 panition, P„ in addition to the partitions 
of P, and Pj generated in (23.8.4.1) and (23.8.4.2) respeaively. Moreover, the time varying characteristics of (23.8 J) nny be 
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incorporared in the .r,n,mi„«„ area type f„.e woHc by generating multiple veni^^ 

t«n,n,.«K,n,«atypeforagivens«bareaofP,n,aychangedependingo„.hecomy.^^^^^ 
charaaeristicstobcco„,ideredinthet.n.i,,.„a^^^ 

P.andP,.ay be ge„c.ted. one foreach of the seasons, and subsequently generateafpotentialW different 

season, funher. the type and/or characteristics of base station 122 antennas may also be included in an embodiment of the 

transmission area type. 

Accordingly, in one embodiment of the present invention, whenever the term "area type" is used hereinbelow. 
transmission area types as described hereinabove are intended. 

Location Information Data Bases And Data 



Location Data Bases Introduction 



changes. 

weather, seasons, and/or traffic patterns; 

(b) ^''^P'-'y"P<'a"ngthesignalchan«eristicda.asto,edsothatitn.fleaschangesi„thee^^^^^^ 
area such as. for example, a new high rise building ora new highway. 

.Refemngagaintofig.SofthecoIteaive,.p„sentatk,nofthesedatab,sesisthe 
among thesedata bases .sadatabase for providing t,ainingand/brc.M,n.ionda.a,oo« 
asaoaah.valda.abasefora.hivi„ghis«,ric3lM$locationinfonnation.btedtothe 

diKussedasnecessaryhe^inbefew. How«.er. a, urtl«r brief int.dua«„ to the arch^a. data base is pmvKfed here. According^, the .rm 

••^t»nsignatu.daubase"husedhe,.i.ftertoder„tet^a,^^ldatabasea^^rdatabasema.^^^^ 

contextofthediscussbn.Theba.»„signa.u«daubase(shownin.forexampie.Fig.6andla^^^ 

chan.cter«Kdatader^edfromwireIesssignalcommunicationsbe.weenanHSI40andoneormore^ 

«n«pondinglocatbnoftheM$MOisl^wnandalsos.o.dinthetocationsignatureda«^ 

s,naturedatabasel320associatesead,suchlcnownMSIoat«,nwith.hewi„tesssignalc^^^^^^^ 

— bnsbetw^ntheHSMOandoneormorebasestat^nsmatthaHSbat^n.^^^^^^^^^ 
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to wilize such hisMrial MS signal loation daa for enluuKing tl« 
described in detail in other scaions below. 

Data Representations for the Loation Signature Dau Base 

I^.r.a,efoa^f„«iam,n,alenti,ytypes(o^ob|ectclassesinanobjeao«^ 
s«i«urcdatalase 1320. Brieny.tlKsedaoemitiesarede^^^^ 

(24.1) (verified)bations««i«: Each such (verifed) loation signatu«descril«,l« witless sig™ 

betweenag.enbases.ation(e.g..B$I22orLBSI52)a«lanMSI40ata(verir«dork™.„,h^^^ 

s«n,tu„.TI«tis.averif«dloations^™.con.spondstoaloatio„whosec^^^ 

wh.fes.raplyaloat«,„sig«atu«n«vhaveala»wnarunb«m„loation«^^^ 

signature is also denoted by the abbreviation, "(verified) loc sig" hereinbelow; 

(24J) (v«riMloationsignatureclustea-£achsuch(verif«d)loationsigaatu,ed^ 

s,gnaturescor.spondingtoalltheloado„signatu.sbetweena.a,getHSMOata(possiblyv^^^^^ 

loat„nandeach BS(e,J22cr.52)f™.which the targe. MS HOcandetecttheBS-spitotcbannel^ 

thetargetMS(i..f„rCDMA..ga,.tessofwhetheraBSisintheMS-saa.e.and«ateor„^^^^^^ 

wdl understand). Note that forsimplidtyherej. is presun»d thateach loationsign^^ 
which the target MS 140 synchronizes or obtains its timing: 

m "comf»sitetoationobjects(orentities)": Each such entity is a more ge„en.l entity ttan the verify, kxation signature duster An 

ob,e«ofth« type isacolleaH,nof(ver«ied) loation signaturesthatarea^^^ 

tl.esan«t.ineandeachsuchlocsigisassociatedwithadifferentbases.ation.Howev^ 

122 forwhich the HSMOandetea the BS'spibt channel isincluded in the "composite loation 

(24.4) "^'o^tionestimationdatathatindudesMStoationenimatesoutputbyoneornH.reMSto^^ 
1224. such MS bation estimate data is described in detail hereinbelow. 

...b«„.dw,.,b.d.n,.«,.h.-teca«o«««»a«dwi.h.h.,oc«g"(thi,loc.u. 
In panicular. for each (verified) loc sig includes the following: 

(25.1) MS_type: the make and model of the arget MS 140 associated with a tocation signature instantiation; note that the type of MS 

I40a.,alsobederivedfn,mthisem,y:e.g,whetherMSI40isaha„dsetMS.ar-setHS.oranMSforlocat«nonly Noteasan 

as«ie.forat least COMMhetypeofMSMOprnvidesinformationastothenumberoffingetstta^ 
one skilled in the will appreciate. 
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(1S2) BS_id:an kfentaion of ,he base station 122 (or. location base sution IS2) communicating with the .arget MS- 
(2SJ)mjoc:arep«senutbnofageognphKloat«n(e,,latitutie-^^^^^^^^ 

Mgnal charaaeratics between the associated (location) base station and MS 140 were rweived. That ij. if ihe "verified Jiag" 

anribute (discussed below) is TRUE, then this atuibute includes an estimated location of the targe. MS. If verifi^d_flag is 

FALSE, then this attribute has a value indicating "location unknown". 

Note "MSJoc" may include the following two subfields: an area within which the target MS is presumed to be and a 

point location (e.g.. a latitude and longitude pair) where the target MS is presumed to be (in one embodiment this is the 

centroid of the area); 

(25.4)verif.edJlag:aflagfordeterminingwhetherthelocsighasbeenverined:i.e,thevaluehereis ^c 
has been verified, f AISE othenvise. Note, i, this field is TRUE (i.e.. the loc sig is verified), then the base sution identified by 
^ BS jd IS the current prima^ base station for the target MS; 

(25i^onfidence: a value indicating how consistent this loc sig is with other ioc sigs in the locat.on s.gnature data base 1320- the 
value for this entty is in the range [0. 1) with 0 corresponding to the lowest (,.e.. no) confidence and I corresponding to the 
h.ghestconfklence.ThatMheconfidencefaaorisosedfordeterminu,ghowconsiste„tthetocs^^ 

tacs.gs,n the kKaaonsignature data base 1320. whe^inthegreaterthe confidence value, the beaerthecon^^ 

s-gsmthedata base. Note that similarity in this context n,ay be opentionaiized by at kastdesign^^ 

loc sigmwhich to determine if it is similartootherlocsiEsinthisdesignated geographic proximity and/^^ 

transmissionarea type aselsewhere herein). Thu,envi,„nmemakhaaaeristks may also be used i^ 

s.m,brt.me of occur,ence(e.g,ofday.and/orof month). simUar weather (e.g. snowing, raining, etc). Note, these latter 

chataaermiaaredifferentframthenotk^n of geographkpmximity since p,oxim«y may beon^ad^^^^ 

loatm Note also that a be sig having a confdence faaor value bebw a predetennined threshoW m^^ 
location hypotheses generated by the fOMs 1224. 

(25.6) timestamp:thetimeanddatethelocsigwasn!ceivedbythea$sociatedbasestationof BS id; 

(25.7) signal topography characteristics: In one embodiment, the signal topography charaaeristics retained can be represented as 
-characterist-rcs of at leastatwo^iimensional generated surface. That is. suchasurface^^ 

5ubsysteml220f,omsignalcharaaeristiaaaumulatedover(a,ebtivelysho,t)timei«e^^^ 

surfacecase.thedimemiomforthegenentedsu,facemaybe.forexample.signalst,engthandtimedelay. Thatis,the 
accumuhtionsovera brief time interval of signal charaaeristic measurements between the BS 122 and the MS 140 (associated with 

tl»bcsig)maybeclassifiedaccordingtothetwosignalcharaaeris,icdimens»m(e.g,signalstre^ 
delay). That is. by sampling the signalcharaaeristics and classifying the samplesaccor^Jin^ 

whereineachcellcorn^sponditoadifferemrangeofs-^nalnrengthsandtimedeUysatalfyofthenum^ 
range of eachcellcan be maintained. Accordingly.foreach cell, itscor^sponding tally may be inte^^^^ 
ttatwhen theheightsofallcellsareconsKlered.anundulat.ngor mountainous surface is provided. In ^^^^^ 
appropriatef,neness.the"mountainoussurface".isbelieved,o.undermoncirc«ms.ance,p™^^^ 
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unique to the loation of the target MS 140. Note that in one embodiment, the signal samples are typitalty obtained threughout a 
predetermined signal sampling time interval of 2-S setonds aj is discussed elsewhere in thb specificatioa. In particular, the signal 
topography charaaeristia retained for a Ioc sig iiKlude certain topogiaphicai chatacteristb of such a generated mountainous 
surface, for example, each Ioc sig may include: for each loal maximum (of the be sig surface) above a predetermined noise ceiling 
threshold, the (signal strength, time deby) coordinates of the cell of the hxal maximum and the corresponding height of the locil 
maximum. Additionally, certain ftadienu may alio be included for chaiacterizing the "steepness" of tlw surface mountainj. 
Mofeover.note that in someembodiments.afnH)uency may abobeassodated with each Ira^ 
each selected tocal maximum can includeaquadruple of signal strength, timedeb^^ 
types here may vary. Htwever. for simplicity, in parts of the description of Ioc sig processing re^^ 
here, it a assumed that the signal chatacteristic topography data structure here is a vector 
(25i) quality_obj: signal quality (or error) measurements. e.g., Eh/No values, as one skilled in the art will understand; 

(25.9) noise_ceiling: noise ceiling values used in the initial fihering of noise fn^ 

processing subsystem 1220; 

(25.10) power_level: power levels of the base station (e.g, 122 or 152) and MS 140 lor the signal measuremenu; 

(25.1 1) timint_error an euimated (or maximum) timing error between the present (associated) BS (e.g.. an infrastruaure base station 122 or 

a location base station 152) detecting the target MS 140 and the currem prima7 BS 122 for the tarjet MS 140. Note that if the BS 
122 associated with the Ioc sig is the primary base station, then the value here will be zero; 

(25.12) clu$ter_ptn a poimer to the location signature composite entity to which this Ioc sig belongs. 

(25.13) rcpeatabte: TRUE ill the Ioc sig is "repeatable" (as described hereinafter). FAISE otte^^^ 

aseither'Vepeatable"or"random^Alocsigisrepeatableifthe(verirBdy^^^ 

signal charaaerisiic measurements between the associated BS 122 and this MS can beeitherrepto^ 

updated substantially on demand by most recent signal characteristic mea«irements between the associated base station and the 

associated MS 140 (or a comparable MS) at the verified/icnown loation. RepM^ 

stationaryorfaedloationH$$l40(e.g,f«edloationttanscei»en)distributedwithincert^^^ a geographial region 

serviced by the loation centerl42 for providing MS loation estimates. That is, ith 

stationa7 MS 140 an be contacted by the loation center 142 (via the base statbnsof the wireless inf^ 

any time for p,ovidinganewcolleaion(Le,cluster)of wireless signalchaiacteristics to be as 

the transceiver. Alternatively, repeataUe Ioc sigs may be obtained by. for example, obtaining location signal measurements manually 
from workers who regularly traverse a predetermined route thiDugh some ponwn of the radio coverage area; i.e, postal worken (as 
win be described in more detail hereinbefow). 

AkKsigisrandomifthebcsigisnotrepeatable. Random toe sigs are obtained, for example, from verifying a previously unknown 
target MS loation once the MS 1 40 has been looted. Such verifiations may be accomplished by. for example, a vehicle having one or 
more batbn verifying devices suchasaGPS receiver and/oramanualtoation input Qpability becoming suffe^^^^^ 
looted target MS 140 so that the loation of the vehicle may be associated with the wireless signal characteristic of the MS 140. 
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VehfclK having «Kh loation (kteabn devices may indude: (a) vehkles 

purpose than to verify kKsigs.e^,policecan.an,bulances.n«tfudcs. rescue un 

whose primary purpose is to verify loc sigs; e.g, loation signal calilwtion vehictes. Addit»^^^ 

traruceiversand location verifying devicesrmy provide the location centerl^ 

becon«a,andon,bcsigKanHSHOattheto„assoda.edwW,thelocsigbeco,nes«^^^ 

MS MO B removed from iu verified location and therefore the loc sig for the bcation can not be readily updated. 

Additk,nal^r.note that at least inoneembodimentofthesignaltopographycha^^^^ 

generated for the (fonvard)signabfromthebasestationl22 to the tablet MS MO andase™^ 

aker™tivelyjhefimsudacemayteenhancedbyinaeasingitsdimemionalitywith)thesi^^^ 
(denoted the reverse signals). 

Additbnally.insomeembodin^nutheloationhypothesismayincludeanen^^^^ 
madd««,ntoorasasubstltutefor.heco„fKlencefiekldiscussedhereinabove.MoreoverJ^^^^ 
pr»v,d.nga,,asonforthevah«saf oneormoreof thelocationhypothesisfrelds. forexam^ 
theconr,denceyalueislow.orpmvidean indication that thewirefess signal measurements u 

toe $igs have the following funaionsorobjea methods associated therewith: 

a6. 1 ) A "nornuluation" method for normalizing loc sig data according to the ^^^^^ 

generatingchaQaeristia That is. the signal pr^essing subsystem I220.one embodiment being described in the Pa patent 
application titled. -Wireless locat^n Using A Plurality of Commerral Network lnf,a«^^^ 
««entor(s).provkies(methodsfork.s.gobjects)for"nonnaiiring>achlocsigsot^^ 

f.omvar«t>om in (forexample)M$ signal processing and generating charaaeristiaof different types of MS's may be reduced. In 

particubr. since wiretess network designers are typiQily designing networta for effective use of hand »^ 

substantialfycommonmm.mumsetofpe,formancecharaaeristics.thenonnalizationmethodspm^ 

datasothat.tappeanastlH.ughthek.csigwasprovkiedbyacornmonl,andsetMSMO.However.othermetM^ 
V provided to "normalUe-alocsigso that it may becompai^lwhh be 

normahiat-n technkiues include, forexample. interpolating and e«ra^^^^^ 
normalised to the same power level for. o.g, comparison purposes. 

MormaBzationfortheBS 122 associated withaloc sig issimilar to the ^.rmaliiatio^ 
chantctenstics.iustaswiththeMSnon„alizatio, the signal proce^^^ 
loc sigj according to base station signal processing and generating charaaeristics. 

Note, however, loc sigs stored in the tocation signature data lase 1320 are NOT "nonrialized" ^ 

BS signal processingamlgeoeratmgcharacteristics. That is. Wvaluesof the wirehssignalcta^ 
loc sig in the location s^nature data base 1320. 
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(262) A method for determining the "area type" corresponding to the jignal trammiuion diaraaeristia of the area($) between the auociated 

BSI22andtheauociatedM$M0loationfortheloc$ig. Note, juch an area type may be designated by. for example, the techniques 
lor deterrraning transmission area types as described hereinabove. 

(263) Other methods are comemphted for determining additional environmental charaaeristia of the geographial area between the 

associated BS 122 and the associated MS MO loation for the locsig;tg,anoise value i^^^^ 



area. 



Referring now to the composite loation objects and verified location signature clusters of (24J) and (24i) respeaively. the 
following information is contained in these aggregation objects: 

(27.1.1) an identifiation of the BS 122 designated as the primary base station for conrniunkating with the target MS MO; 

(27.U)arcference to each locsig In the toation signature data base 1320 that is forthe same MS to^^^ 
the primaiy 8S as identified in (27.1); 

(27JJ)anidentifKationof each base station (e.g.. 122 and 152) that an be detected by the MS l« 

measuremems are obtained. More that in one embodiment, each composite location objea includes a bit string having a 
corresponding bit foreach base station, whereina-r for suchabit indices that the correspond 
the MS. and a "0" indiates that the base smion was not identified. In an ahemative embodiment, additional loation signal 
measurements may also be included from other non-primary base stations, for example, the target MS 140 may communiate with 
other base stations than it's primary base station. However, since the timing for the MS 140 is typially derived from it's prima^ 
base station and since timing synchronization between base stations is not exaa (e.g.. in the case of CDMA, timing variations may be 
plus or minus I micra$econd)at least some of the loation signal measuremems may be less reliable that the measurements from the 
primary base station, unless a foited hand-off technique is used to eliminate system timing enon among relevant base stations; 

(27.1.4) a completeness designation that indoles whether any be sigs for the composite loation objea have been removed from (or 
invalidated in) the location signature data base 1320. 

Note, a verifKd composite loation object is designated as "incomplete" if a be sig initially referenced by the verified composite 

bation objea is deteted from the botion signature data base 1320 (e.g.,beauseofaconfdence that is tt^ 

sigjforacomposite loation objea are deleted.thenthe composite objeabalso deleted from the loation ^^^^ 

that common fields between loc sigs referenced by the same composite taation objea may be provided in tte 
(e{.,timestamp,etc). 

Aaorrfingly. a composite loation objea that » complete (ix, not incomplete) is a verified bation signature cluster as described in 
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SI 



wo 98/10307 

PCT/US97/15892 

Overview of Loation Center f unaional Components 

F^.5p,«enuahighleveldia|H™of.heloa.bacenterM2a™itl»locac^^ 
entire loation system of the presem invemion, 

ltbi«|»«™»«ta«,art«».(o,*l.aui.na«.,,42,„d»,toto 

^^'^'^'"t^'^m^my^^^^^,,^,^.^^ ^^^^ 

groups described hereinbetow. 

l(ia.«»li»8APtoli,yo(C.«™KOIH«wrtltarM.„V>F.W.UBla«a«tep«»^ 

Initial Location Estimators: First Order Models 

incorporated into an embodiment of the present invention. 

llieloaiMoltl«oiiMm.OteKen«xltlfOH!l224nB,[on.p««!«l,o(l,i5Uioloit 
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(a) signal timing measoremenu between the target mobile station 140 and one or more base stations 122; e^.. timing 
measurementtsuchas time difference of arrival (TOOA).ortimeofarrivar(TOA). Note that both forward and reverse signal 
path timii^ measurements ma/ be utilized; 

(b) signal strength measurements (e.g, relative to power control settings of the H$ 140 and/brone or more BS 122): and/br 

(c) signal angle of arrive measurements, or ranges thereof, at one or more base statnns 122 (such angles and/or angular ranges 

provided by.e^, base station amenna sectors having angular ranges of I20''or60',or, so called "SMART antennas" with 

variable angular transmission ranges of 2** to 120*^. 
AccDfdingly.a distance model may utifee trianguiation or trilateration to compute a loation hypothesis having either an area location or a 
point loation for an estimate of the target MS 140. Additionally, in some embodimems toation hypothesis may include an estimated enor 

Another type of FOM 1224 is a statistically based first order model 1224. wherein a statistical technique, such as regression 
techniques (e^, least squares, partial least squares, principle decomposition), or e.g, Bollenger Bands (e.g.. for computing minimum and 
maximum base station offsets). In general, modeb of this type output location hypotheses determined by performing one or more sutistial 
techniques or comparisons between the verified location signatures in loation signature data base 1320. and the wireless signal measuremenu 
■ from a target MS. Models of this type are also referred to hereinafter as a "stochastic signal (first order) model" or a "stochastic FOM" or a 
"statistical model" 

Still another type of FOM 1224 is an adaptive learning model, such as an artificial neural net or a genetic algorithm, wherein the FOM 
may be trained to recognize or associate each of a plurality of loations with a corresponding set of signal characteristics for communiations 
between the target MS 140 (at the loation) and the base stations 122. Moreover, typially such a FOM is expected to aaurately 
interpolate/extrapolate target MS 140 location estimates from a set of signal characteiistia from an unknown urget MS 140 location. Models 
of this type are also referred to hereinafter variously as "artificial neural net models" or "neural net models" or "trainable models" or 
"leammg models." Note that a related type of fON 1224 is based on pattern recognition. These FOMs an recognize patterns in the signal 
characteristia of coromunkations between the target MS 140 (at the loation) and the base stations 122 and thereby estimate a loation area 
of the target MS. However, such FOMs may not be trainable. 

Yet another type of FOH 1224 an be based on a collection of dispened low power, low cost fixed loation wireless transceivers (also 
denoted "location base stations 152" hereinabove) that are provided for deteaing a target MS 140 in areas where. e.g, there is insufficient base 
station 122 infrastniaure coverage for providing a desired level of MS 140 loation accuracy, foreiample. it may uneconomial to provide high 
traffic wireless voice coverage of a typical wireless base station 122 in a nature preserve or at a fair gruund that is only populated a lew days out 
of the year. However, if such low cost loation base stations 152 an be directed to aaivate and deaaivate via the direction of a fOM 1224 of 
the presem type, then these loation base stations an be used to both loation a target MS 140 and also provide indiations of where the urget 
MS is not. For example, if there are loation base stations 1S2 populating an area where the target MS 140 is presumed to be. then by aaivating 
these loation base stations 1 52. evidence may be obtained as to whether or not the urget MS u actually in the area; e.g, if the urget MS 140 is 
detected by a loation base sution 152. then a corresponding loation hypothesis having a loation estimate corresponding to the coverage area 
of the loation base station may have a very high confidence value. Alternatively, if the target MS 140 is not deteaed by a loation base station 
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..jrr:r:rrr:ri r~^^^ 

• L J- • ^ ^ ^'K" " transmming. Thus MSj 140 an hf> 

aHoaattdordcdiateddeviceforeachsuthmthatalfcmsthemtofunaion,.,. ^. k„ "«"isi40the,.maybean 

^^^^^^^^^^^^^ 

»^.^m»*»^.«s,.,..„^„^«,„^,„,,„„^^^ ^^^^^^^^^^^^^^^ 

aitahowlmihtOTpeoltlKpnMinvtiwi,. ""rtraoalllKoiy 
''»i"'f"n3»...«.,h,lolkMi.jav.cudu.p^«i^ft,„,l.^,„,0„,lj,^. 

Mrarghtforward Co add or delete such fOHj 1224. 
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noufbananyonsandtowpopubtiondemity). Alternatively, for compta wireless signal environment such as in cities like San 
TokyoorMewYork,ahfpnomlKroffOMjl224m3ybesimultai,eouslyimli7edfor^^^^ 

An Introduaion to an Evaluator for location Hypotheses: Hypothesis Evaluator 

Athirtfunaionalgraupofk.ationenginel39modulesmluates fetation hypothec 

the,«byprovidesa-mostliteV-tarptMStationestinate.ThBnKKlute 
evaluator I22S. 

Hypothesis Evaluator Introduction 

Aprimary purpose of the hypothesisevaluator 1228 is to mitigateconftoa«dan*igu^^ 
thef.mordermodelsl224afldthe,ef,youtp«a-nu,stlitely"estin«teo(anMSforwhk^ i„^^^ 
this capability.the,Ba«vario«srelateden,bodin«ntsof the hypothesise^^^^^ 
kKat»n hypothesis includes bothan MS toationateaestinBteawJacorrespo^^^^ 
liteiihoodof the urgct MS being within thecorrespomJingiotatbna^aes.^^^ 
estimatesandconrnfence values. That is.byinc«asinganmioatk,«a«aes,«^^^^ 
(.nanext«n,ecase.thelocationa«aestin».ecoaldbetheemirecov.ragea,Bal20and^^^ 
highest levelof certainty: Le, +1.0). AaonJingly.glvenatarget MS loationaaa 

aauracynoybeperfonnedbyadjmtingtheMSioationareaestinateand/orthecorTesM^^ Thus, if the confrience 

value isJorexample.excessivefylow.hentheareaestimaten«y be increased asatechnique for i«^^^ 

rftheestinBtedareaisexcessivelylarge.andthe,.isnexibilityinthecoriespondingconW^^^^ 

decreased and the confidence value also decreased. Thm. if at some point in the pnKessing of a toca^^^ 

ludged to be more (less) accurate than initially determined, then (i) the confidence value of the location hypothesis an be increased 

(decreased), and/or (ii) the MS loation area enimate an be decreased (increased). 

In a first class of embodimemuhe hypothesis evaluator 1228 evaluates loatbn hypotheses and ^ 
confidence valuesforMSIoationareaestimatesand subsequently usesthesemioQtbnesti™^^ 
determining a -most likeb^- MS loation esdnate for outputting. Actoriingly. the MS to^^ 
Alternatively, in a second class of embodinsms for the hypothesis evalua^ 

values remain substamalty fixed. Of coune. hybrids between the fim two embodiments^^ 

embodiment provided herein adjusts both the areas and the confidence vahiet 

More particularly, the hypothesis evaluator 1228 may perfoimany orroostof the following tasks: 

(30.1) it utilizes envimnmental infornation to impmve and recondk batioo hypotheses suppW 

premiseinthbcomextisthattheaccun.cy of the individual first ordermodeb may be aff«^^ 
as.lorexample. the season of theyear.thetimeofday.theweatherconditiom. the presence of buiWing,^ 
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(30J) it enhances the accuracy of an initial location hypothesis generated by an fOM by using the initial location hypothesis as 
essentially, a query or index into the location signature data base 1320 for obtaining a conespooding enhanced loation 
hypothesis, wherein the enhanced location hypothesis has both an adjusted target MS location area estimate and an 
adjusted confidence based on past performance of the f OM in the loation service surrounding the urget MS location 
estimate of the initial location hypothesis; 

(303)kdetern,ines how well the associated signalcharaaermics used for locatinga^^ 

in the toation signature data base I320(see the bcationsignaturedatatesesectionf^ 

invention), ^^t is. for a given loation hypothesis, veriftdlocsigs (which were pn^u^ 

loationsofoneornwreHS's) are retrieved foranarea corresponding to the 10^^^ 

s.gnaJchan.cterHtiaofthese«riftrflocsigsaiecomp,edwith^ 

determinrngtheirsimilaritiesandsubsequemlyanadjustmemtotheconWenceoftheto^^^^ 
loation area estimate); 

{30.4)thehypothesisevaluatorl228determinesif(orhow well) such b«^^ 

such as the laws of physia for example, if the difference between a previous (most likely) loation estimate of a target MS ami a 

loation estimate fay a current loation hypothesis requites the 11$ to: 

(al) move at an unreasonably high rate of speed (e.g.. 200 mph). or 

(bl) move at an unreasonably high rate of speed for an area (e^.. 80 mph in a com patch), or 

(cl) make unreasonably sharp vetocity changes (e^.. from 60 mph in one direction 

to 60 mph in the opposite direaion in 4 sec), then the confidence in the current Loation Hypothesis is iikeiy to be 
reduced. 

Alternatively, if for exampte. the diffen^nce between a prevbus kKation estimate 
indiates that the MS is: 

(a2) moving at an appropriate vetocity for the area being traversed, or 
(52) moving atong an established path (e.g., a freeway), 
then the confidence in the current toation hypothesis may be increased. 
aOi) the hypothesisevaluator l228determinesco.B«tendesand incons^^^^^^^ 

order models, for example, if two such loation IrypotheseUor substantially the same timestamp. have estimated loation areas 
where the target MS islikelytobeandtheseareassubstantiallyo^rlap. then theconftfe^ 
incn!a«d.Additionally.notethatavetoci.yofanMSmaybede,ermined(vadel.asofsuccessiveto^^ 

nwre first order models)even when there is low conrnlenceinthelocationenimates for the MS. since such^ 
be more reliable than the aaual target MS loation estimates; 

(30.6) thehypothes«evaluatorl228det.nninesnew(mo™accun,e)locationhypothesesfn,moth^ fo.exampte this 

module may generate new hypotheses from curremly aaive ones by decomposing a location hypothesis having a target MS 
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location estimate interacting two radically different area types. Additionally, this module may generate location hypotheses 

indiating areas of poor reception; and 
(30.7) the hypothesis evaluator 1228 determines and outptns a most likely location hypothesis for a urget MS. 
Note that the hypothesis evaluator may accomplish the above tasks. (30.1) - (30.7). by emptoying variousdata processing tooh including, but 
not limited to. fuziy mathematics, genetic algorithms, neural networks, expert systems and/or blackboard ^sterns. 

Note that, as can be seen in Figs. 6 and 7. the hypothesis evaluator 1228 includes the folk>wing (our high level modules for 
pnwssing output loatmn hypotheses from the lint order models 1224: a context adjuster 1326. a hypothesis analyzer 1332, an MS status 
repositoiy 1338 and a mo« likelihood estiriBtor 1334. These four modt^s are briefly described hereinbelow. 

Context Adjuster Introduction. 

The context adjuster 1326 module enhances both the comparability and predictabiiity of the bcation hypotheses output by the fint 
order models 1224. In particular, this module modifes tocation hypotheses received from the FOMs 1224 so that the resulting tocatnn 
hypotheses output by the context adjuster 1326 may be fufther processed uniformly and substantially without concern as to differences in 
accuracy between the first order models from which \oatm hypotheses originate. In providing this capability, the context adjuster 1326 may 
adjust or modify various fieMs of the input kxation hypotheses. In particular, fiekis giving target MS 140 kxatnn estimates and/or confidence 
vahtts for such estimates may be modiTied by the comext adjuster 1326. Further, this module may determine those factors that are pensived to 
impact the perceived accuracy (e.g, confidence) of the tocation hypotheses: (a) differently between FOMs, and/or (b) with substantial effea 
For instance, environmental chaiaaeristia may be taken into account here, such as time of day, season, month, weather, geographical area 
categorizations (e.g., dense urban, urban, suburban, niral. mountain, etc), area subategorizations (e.g, heavily treed, hilly, high traffic area, 
etL). Adetaikd description of one embodiment of this module is provided in APPENDIX 0 hereinbetow. Note that, the embodimem described 
herein is simplified for illustration purposes such that only the geographial area ategorizations are utilized in adjusting (i^ .. modifying) 
tocation hypotheses. But, it is an important aspea of the present invention that various categorizations, such as those memioned immediately 
above, may be used for adjusting the tocatnn hypotheses. That b. categories such as, for example: 

(a) urban, hilly, high traffic at Spm. or 

(b) rural, flat, heavy tree foliage density in summer may be utilized as one skilled in the an will understand from the descriptbns 

contained hereinbelow. 

Accordingly, the present invention is not limited to the faaors explicitly mentioned here. That is, it is an aspect of the present 
invention to be extensible so that other environmental faaors of the coveQge area 120 affecting the accuracy of location hypotheses may also 
be incorporated into the context adjuster 1326. 

It is also an important and novel aspea of the context adjuster 1326 that the methods for adjusting toation hypotheses provided in 
this module may be generalized and thereby also utilized with multiple hypothesis cnmputauonal architeaures related to various appliations 
wherein a terrain, surface, volume or other "geometric" interpretatbn (e.g, a metric space of statistical samples) may be placed on a large 
body of stored application data for relating hypothesized dau to verified data. Moreover, it is important to note that vartous techniques for 
"vijuaiizing data" may provide such a geometric interpretation. Thus, the methods herein may be utilized in appliations such as: 
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geotogical, and radar imaging. 

appiotion process. 



substantially greater accuracy. 7H""«w wim 

(a) *'P^»'ta»'-'''appfa«,3.*p,.l„,,.«^,.,^„,,„,^„,^,^^ 

•^P*»*a^»«.a<^.«,.^,H,»M<»-).«™. .>«a.p.u.„MS>„,„.^„^,:l,^ 
and p] = longrtude; 
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(b) there b hiitofiaJ daia from which points for the parameter Jpace. p, x pj x p,x x pn an be obtaineii. wherein this 
data relates to (or indiates) the performance of the appliation. and the points obtained from this data are rebtiveiy dense in the space (at 
least around the likety future actual outcomes that the application is expected to predict or diagnose). For example, such historical dau may 
associate the predicted outcomes of the application with corresponding aaual outcomes; 

(c) there is a metric or distance-ike evahation iunctnn that can be applied to the parameter space for imf icating relative 
dosenessoraccuraqrof points in the parameter space, where'm the evaluation funa'nn providesa measurement of closem>ss that b related to 
the actual performance of the applitatioa. 

Note that there are numerous applications for which the above criteria are applicable, for instance, computer aided 
control of chemical processing plants are IMy to satisfy the above criteria. Certain robotic applications may also satisfy this crireria. 
In faa, it is believed that a wide range of signal processing applications satbfy this criteria. 

MS Status Repository Introduction 

The HS status repository 1338 b a run-time storage manager lor storing loation hypotheses from previous activations of the 
location engine 139 (as well as for storing the output "most likely" target MS kKation ejtimate(s)) so that a target MS 140 may be tracked 
using target MS bation hypotheses from previous loation engine 139 activations to determine, for example, a movemem of the taiget MS 140 
between evaluatnns of the target HS location. 

Location Hypothesis Analyzer Introduction. 

The kation hypothesb analyttr 1332, adjusts confidence values of the loation hypotheses, according to: 

(a) heuristics and/or statbtiol methods related to how well the signal characteristks for the geneiated target MS kxation hypothesb 

matches with previously obtained signal characteristks for verified MS tocatwns. 

(b) heuristics related to howconsbtentthe kiatnn hypothesb b with physkal laws, and/or highly probable reasonableness conditwns 

relating to the kxation of the target MS and its movement characteristics, for examph. such heurbtks may utilize knowledge of 
the geographial terrain in which the HS is estimated to be. and/or. for instance, the MS vetecity. acceleration or extrapolation of 
an MS position, vetocity. or acceleration. 

(c) generation of additional toation hypotheses whose MS kwtwns are consistent wi 

the target MS. 

As shown in figs. 6 and 7, the hypothesb analyzer 1332 module receives (potentially) modified kration hypotheses from the context 
adjuster 1326 and performs additional tocation hypothesb processing that is likely to be common and generic in analyzing most toation 
hypotheses. More specifaily, the hypothesb analyzer 1332 may adjust either or both of the 
confrience of a kjcation hypothesis. In brief, the hypothesb analyzer 1332 receives 

1336. and depending on the dnie sumps of newly received loation hypotheses and any previous (ix, oMer) target MS tocation hypotheses that 
may still be currently available to the hypothesis analyzer 1332. the hypothesb analyzer may: 
(a) updau some of the okler hypotheses by an extrapolation module. 
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(b) util«e»meoftl«oldhypoil»«sasp«vio«u,getMSe«in»t«(oru^ 

(c) if jufficiently oM. then delete the older bation hypothesej. 

«!»<< iram. «0K ta «l«lio,al toil oa ite aip,m «1 * in„«3„ j,^,,, 

MfifcK. ctang,d (,^, „ ,rtm 3 reiTOl <»rti*«, i,itaact»2o,rttf.taK,nh,p.ilBii). 

removed or not even developed.. 
Mojt Likelihood Estimator Introduction 
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The mojt likelihood ejtiinator 1344 isa module for determining a "mort likely" loation estimate fora tarpt HS being hxated by 
the loQtion engine 139. The mon likelihood estimator 1344 receivei a colleaion o( active or relevant toation hypothesei fram the hypothesis 
analyzer 1332 and uses these bcation hypotheses to determine one or more mon fikely estimates ior the taiget MS 140. Still referring to the 
hypothesb evaluator 1228. it is importam to note that not all the above memioned moduks are required in all embodiments of the present 
invemionJn particularjor some coverage areas 120. the hypothesb analyzer 1332 may be unnece^^ 
the enhanced k>ation hypothesis output by the context adjuster I32< are provided direaly to the most likelihood estimator 1344. 

Control and Output Gating Modules 

A fourth functional group of bcatbn engine 139 modules is the control and output gating modules which includes the kiatwn 
centercontrolsubsysteml350.and the output gatev«y 1356. The k)ationcontrohubsysteml3SO provides the h^^^^ 
monitoring of the data processing performed by the loation cemer 142. In panicubr. this subsystem performs the foBowing functions: 

(a) controls and moniton toation estimating processing for each target MS 140. Note that this includes high level exception or 

error handling functions; 

(b) receives and routes external information as necessary, for instance, this subsystem may receive (via. e.g, the public telephone 

switching network and Internet 1362) such environmemal information as increased signal noise in a particular service are due 
to increase tiaffic, a change in weather conditions, a base station 122 (or other infrastniaure provisioning), change in 
operation status (e.g, operatwnal to inaaive); 

(c) receives and directslocuion processing requestsfrom other location centers 142 (via,e.g.,the Internet); 

(d) performs accountii^ and billing procedures; 

(e) interacts with iocatnn ceraer operators by. for example, receiving operator commands and providing output indicative of 

processing resources being utilized and malfunctions; 
(0 provides access to output requirements for various applications requesting location estimates, for example, an Internet batnn 

requestfromatnicking company in Los Angefetoatoation cemer 142 in Denver may only want to know ifap^^^^^ 

or driver is within the Denver area. Alternatively, a bcal medical rescue unit is likely to request a precise a tocation estimate as 

poss9)le. 

Note that in fig. 6 (a) - (d) above are, at least at a high level, performed by utilizing the operator interface 1374 . 

Referring now to the output gateway 1356. this module routes target MS 140 location estimates to the appropriate location 
appliation(s). for instance, upon receiving a tocation estimate from the most likelihood estimator 1344. the output gateway 1356 may 
determine that the loation estimate is for an automobik; being tracked by the.police and therefore must be provided must be provided 
according to the particular protocol 
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System Tuning and Adaptation: The Adapution Engine 

A rath functional gnnip of bation engine 139 tnwiufes provides the 
the present invention lypnnrlding it with the apabilitytoadapttoparticularopeQ^^ 
signaling environn»nts without perfonmngimensivemanwlanalysisof the perf^^ 
Thais.thisfunctionalgroupautonttticallyenlancestheperfonnanceoftheb^^ 
atea 120 usingat least one wireless netv«,rkinfrastructu«the«i„. Horn p^^^ 
by tuning or optimizing certain system parantttersaccorting to loQtionengine 139 

There m a number bation engine 139 system patameten whose values affea loation estimation, and it is an aspea of the present 
invemion that the MS location pnKessing performed should become increasing 
incnsa^^ngly more detailed model of the signal charaaeristia of loQtion in the co«^^^ 
lo<at»n«gnature dau base 1320. but ako by providing amomated a^^^^^ 
"tuning" the values of such loation center system parameters. 

Accordingly.the present invention includesamodule. denoted herein as an "adaptationengine" 1382. that performsan 
optimintionpoicedureon the loationcenter 142 system parameters either periodially or 

centerinestimatingHStocat^ns. Thatis. the adaptationengine I382di,ws the modifa^^^ 

engine 139 increases inoverallaccuracy in bating target HSsl40Jn«neembodiment.theadaptatione^^^ 
a genettc algorithm as the mechanbm for modifying the system pan^meter,. Ge«^ 

mechanicsof natural genetics. The genetic algorithm utilized herein is includedin the for^ Note that to apply 

this geneticalgorithm in the context of the taatbnenginel39arehrteaur,onVa"(odingscheme"^^^ 

slulled in theart will appreciate.More<wer.itisalso within the scopeof the present i^^^^^ 

tuning mechanisms, forfurtherinformation regarding such adaptive mechanismuhe following relere«^^ 

reference: Goldberg. D. E. (1989). Genetic algorithms for search, optimization, and machine learning. Reading. HA: Addison-Wesley 

PubIishingCompany;andHolland.J.H. (1975) Adaptation in natural and artificial systems. AnnArbor.MI: The Umvenity of Michigan Press. 

Implementations of First Order Models 

Further descriptions of various first order models 1224 are provided in this section. 

Distance first Order Models (TOA/TDOA) 

As discussed in the Location Center Architecture Overview seaion herein above, distance models determine a presumed 
direaion and/or distance that a targe. MS 140 is from one or more base stations 122. In some embodiments of distance models, the 
target MS location estimate(s) generated are obtained using radio signal analysis techniques that are quite general and therefore are 
m,t capable of taking into account the peculiarities of the topography of a panicular adio coverage area, for example, substantially 
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all radio signal analysis techniques using conventional procedures (or (ormulas) are based on "signal characteristic measuremenu" 
such as: 

(a) signal timing measurements (e.g., TOA and TDOA), 

(b) signal strength measurements, and/or 

(c) signal angle of arrival measurements. 

furthermore, such signal analysis techniques are likely predicated on certain very general assumptions that can not fully account for 
signal attenuation and multipath due to a particular radio coverage area topography. 

Taking COMA or TOMA base station network as an example, each base station (BS) 122 is required to emit a constant 
signal-strength pilot channel pseudo-noise (PH) sequence on the forward Hnkchannel identified uniquely in the network by a pitot 
nquence offset and frequency assignment. It is possible to use the pibt channels of the aaive, candidate, neighboring and remaining 
sets, maintained in the target MS, for obtaining signal charaacristic measurements (e.g., TOA and/or TDOA measurements) between 
the target MS 140 and the base stations in one or more of these sets. 

Based on such signal charaaeristic measurements and the speed of signal propagation, signal charaaeristic ranges or 
range differences related to the k)cation of the target MS 140 can be calculated. Using TOA and/or TDOA ranges as exemplary, these 
ranges can then be input to either the radius-radius multilateration or the time difference multilateration algorithms atong with the 
known positions of the corresponding base sutions 122 to thereby obtain one or more location estimates of the target MS 140. for 
example, if there are. four base stations 1 22 in the aaive set. the target MS 140 may cooperate with each of the base stations in this 
set to provide signal arrival time measurements. Accordingly, each of the resulting four sets of three of these base stations 122 may 
be used to provide an estimate of the target MS 140 as one skilled in the art will understand. Thus, potentially (assuming the 
measurements for each set of three base stations yields a leasible tocation solution) there are four estimates for the location of the 
urget MS 140. further, since such measuremenu and BS 122 positions can be sent either to the network or the target MS 140, 
location can be determined in either entity. 

Since many of the signal measuremenu utilized by embodiments of distance models are subject to signal attenuation and 
multipath due to a particular area topography. Many of the sets of base sutions from which target MS location estimates are desired 
may result in either no location estimate, or an inaaurate bcation estimate. 

Accordingly, some embodiments of distance fOMs may attempt to mitigate such ambiguity or inaccuracies by. e.g., 
identifying discrepancies (or consistencies) between arrival time measurements and other measurements (e.g., signal strength), these 
dbcrepancies (or consistencies) may be used to filter out at least those signal measurements and/or generated tocation estimates that 
appear less accurate. In particular, such identifying may filtering can be |)erfonned by. for example, an expert system rtisiding in the 
distance fOM. 

A second approach for mitigating such ambiguity or confliaing MS location estimates is particularly novel in that each of 
the urget MS location estimates is used to generate a location hypothesis regardless of its apparent accuracy. Accordingly, these 
location hypotheses are input to an alternative embodiment of the context adjuster 1326 that is substantially (but not identical to) 
the context adjuster as described in deuil in APPENDIX 0 so that each location hypothesis may be adjusted to enhance its accuracy. 
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collection of base stations 1 22 used. 
Coverage Area First Order Model 
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'^"'';>-"-"™«-"!.3.a,.,a,^.,.a.,,.,™.„p,„,,,3.g^,™,pa*.„,aba»™..,« 

ap^ach,o.„,™,,,H.,„,,,..,3„,p,„,^^^^^^^^^^^^^^^^^^_^.^,^^_^^^^^^^^^^ 



64 



wo 98/10307 PCT/US97/I5892 

One emiwdiment. a coverage area model utilizes both the deteaion and non-detettion of base stations 122 by the target 
MS 140 (conversely, of the HS by one or more base stations 122) to define an area where the target MS 140 may likely be. A relatively 
straightforward application of this technique is to: 

(a) find all areas of interscaion for base station Rf coverage area representations, wherein: (i) the corresponding base 

stations are on-line for communicating with H$s MO; (ii) the Rf coverage area represenutions are deemed reliable 
for the power levels of the on-line base stations; (iii) the on-line base stations having reliable coverage area 
representations fan be detected by the target M$; and (iv) each interseaion must include a predetermined number of 
the reliable Rf coverage area representations (e.g, 2 or 3); and 

(b) obuin new location estimates by subtracting from each of the areas of interseaion any of the reliable Rf coverage area 

representations for base stations 122 that can not be deteaed by the target MS. 
Accordingly, the new areas may be used to generate location hypotheses. 

Location Base Station Fim Order Model 

In the location base station (LBS) model (f OM 1224). a database is accessed which contains elenrical. radio propagation 
and coverage area charaaeristics of each of the location base stations in the radio coverage area. The LBS model is an aaive model, 
in that it can probe or excite one or more particular LBSs 152 in an area for which the target MS 140 to be located is suspeaed to be 
placed. Accordingly, the IBS model may receive as input a most likely target MS 140 location estimate previously output by the 
location engine 139 of the present invention, and use this loation estimate to determine which (if any) LBSs 152 to activate and/or 
deactivate for enhancing a subsequent tecation estimate of the urget MS. Moreover, the feedback from the activated LBSs 152 may 
be provided to other f OMs 1 224. as appropriate, as well as to the LBS model. However, it is an imporunt aspect of the LBS model 
that when it receives such feedback, it may output loation hypotheses having relatively small target M$ 140 tocation area estimates 
about the active LBSs 152 and each such location hypothesis also has a high confidence value indicative of the target MS 140 
positively being in the corresponding tocation area estimate (e.g., a confidence value of .9 to + 1 ). or having a high confidence value 
indicative of the target MS 140 not being in the corresponding location area estimate (i.e.. a confidence value of -0.9 to -I). Note 
that in some embodiments of the LBS model, these embodiments may have functionality similar to that of the coverage area fint 
order model described above, further note that for LBSs within a neighborhood of the urget MS wherein there is a reasonable chance 
that with movement of the target MS may be detected by these LBSs. such LBSs may be requested to periodically aaivate. (Note, that 
it is not assumed that such LBSs have an on-line external power source; e.g.. some may be solar powered). Moreover, in the case 
where an LBS 152 includes sufficient electronics to cany voice communication with the target MS 140 and is the primary BS for the 
target MS (or alternatively, in the aaive or candidate set), then the LBS model will not deaaivate this particular IBS during its 
procedure of aaivating and deaaivating various LBSs 152. 
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Pattern Recognition and Adaptive first Order Modeh 

It is a particularly important ajpea of the prejent invention to provide- 
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v^v techniques, and/or 

target MS location eitimatej from additional training. 
Statistically Based Pattern Recognition first Order Models 
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A similar Jtaiistically based FOH 1 224 to the one above may be provided wherein the radio coverage area is decomposed 
substantially as above, but addition to using the signal charaaeristics for deteaing useful signal patterns, the specific identifications 
of the base station 122 providing the signal charaaeristics may also be used. Thus, assuming there is a sufficient density of verified 
location signature clusters in some of the mesh cells so that the statistical pattern recognizer can detect patterns in the signal 
charaaeristic measurements, an expert system may be generated that outputs a target MS MO location estimate that may provide 
both a reliable and accurate location estimate of a urget fIS 140. 

Adapttve/Trainable first Order Models 



Adaptive/Frainable First Order Models 

The term adaptive is used to describe a data processing component that can modify its data processing behavior in 
response to certain inputs that are used to change how subsequent inpuu are processed by the component. Accordingly, a data 
processing component may be "explicitly adaptive" by modifying its behavior according to the input of explicit instructions or contml 
data that is input for changing the component's subsequent behavior in ways that are prediaable and expected. That is. the input 
encodes explicit instruaions that are known by a user of the compom^nt. Alternatively, a data processing componem may be 
"itnplicitly adaptive" in that its behavior is modified by other than instruaions or comtol data whose meaning is known by a user of 
the component, for example, such implicitly adaptive data processors may learn by training on examples, by substantially unguided 
exploration of a solution space, or other data driven adaptive stmegies such as statistically genentted decision trees. Accordingly, it 
is an aspea of the present invention to utilize not only explicitly adaptive MS location estimators within FOMs 1224. but also 
implicitly adaptive MS location estimators. In particular, artificial neuial networks (also denoted neural nets and ANNs herein) are 
used in some embodiments as implicitly adaptive MS location estimaton within FOMs. Thus, in the seaions below, neural net 
architeaures and their application to locating an MS is described. 

Artificial Neural Networks For HS Location 

Artificial neural networks may be panicular iy useful in developing one or more first order models 1224 for locating an MS 
i 40. since, for example. ANNs an be trained for classifying and/or associatively pattern matching of various Rf signal measurements 
such as the tocation signatures. That is. by training one or more artificial neural nets using RF signal measurements from verified 
locations so that RF signal transmissions charaaeristics indicative of particular locations are associated with their corresponding 
locations, such trained artificial neural neu can be used to provide additTonal target MS 140 location hypotheses. Moreover, it is an 
aspea of the presem invention that the training ol such artificial neural net based FOMs (ANN FOMs) is provided without manual 
intervention as will be discussed hereinbelow. 
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Artificial Neural Networki That Converge on Near Optimal Solutions 
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Artificial Neural Networks as MS location Estimators for first Order Models 

*''^»"^^'^-^-^--^-«ia'advancesinartificia,„eura.ne.coa.^^^^^^ 

d.fcu.;tochooseaparticu.arANNarchiteaureandappropriatet,ai„i„gdatafor,ie.di^^ 
architeaure at least the following three criteria are chosen (either implicitly or explicitly): 

{a)alear„i„g paradigm: i.e..does the ANN require supemsed training (i.e..bei^ 

.ncorrect performance), unsupervised training, or a hybrid of both (sometimes referred to as reinforcement); 

(b) a coileaion of learning rules for indicating how to update the ANN; 

(c) a learning algorithm for using the learning rules for adjusting the ANN weights. 
Furthermore, there are other implementation issues such as: 

(d) how many layersaartifichl neural net should have to effea.ely capture the patternsembeddedwithint^ 

data. For example, the benefits of using small ANN are many, less costly to implement, faster, and tend to generalize 
better because they avoid overfitting weights to training patterns. That is. in general, more unknown parameten 
(weights) mduce more local and global minima ,n the error surface or space. However, the error surface of smaller 
nets can be very rugged and have few good solufons. making it difficult for a local minimization algorithm to find a 
good solution from a random starting point as one skilled in the an will understand: 
., (e) how many units or neurons to provide per layer; 

(0 how large should the training set be presented to provkle effeaive generalization to non-training data 
(g) what type of transfer funaions shoukl be used. 
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ate synergisticaily used as in the location engine 139. accurate and reliable location estimates an be atuined. Accordingly, one 
embodiment of the present invention may have a plurality of moderately well trained ANNs having different neural net architeaures 
such as: multilayer perceptrons, adaptive resonance theory models, and radial basis function networb. 

Additionally, many of the above mentioned ANN architenure and implementation decisions can be addressed substantially 
automatically by various commercial artificial neural net development systems such as: "NEUROGENETIC OPTIMIZER" by BioComp 
Systems, wherein genetic algorithms are used to optimize and configure ANNs. and artificial neural network hardware and software 
produas by Accurate Automation Corporation of Chattanooga, Tennessee, such as "ACCURATE AUTOMATION HEURAl NETWORK 
TOOLS. 

Artificial Neural Network Input and Output 

It is worthwhile to discuss the data representations for the inputs and outputs of a ANN used for generating MS location 
estimates. Regarding ANN input representations, reall that the signal processing subsystem 1220 may provide various Rf signal 
measurements as input to an ANN (such as the Rf signal measurements derived from verified location signatures in the location 
signature data base 1320). for example, a representation of a histogram of the frequency of occurrence of COMA fingers in a time 
delay vs. signal strength 2-diraensional domain may be provided as input to such an ANN. In panicular, a 2-dimensional grid of 
signal strength versus time delay bins may be provided so that received signal measurements are slotted into an appropriate bin of 
the grid. In one embodiment, such a grid is a six by six array of bins such as illustrated in the left portion of Fig. 14. That is, each of 
the signal strength and time delay axises are panitioned into six ranges so that both the signal strength and the time delay of Rf 
signal measurements can be slotted into an appropriate range, thus determining the bin. 

Note that Rf signal measurement data (i.e.. location signatures) slotted into a grid of bins provides a convenient 
mechanism for classifying Rf measurements received over time so that when each new Rf measurement data is assigned to its bin. a 
counter for the bin can be incremented. Thus in one embodiment, the RF measurements for each bin can be represented piaorially as 
a histogram. In any case, once the Rf measurements have been stotted into a grid, various filters may be applied for filtering outliers 
and noise prior to inputting bin values to an ANN. Further, various amoums of data from such a grid may be provided to an ANN. In 
one embodiment, the tally from each bin is provided to an ANN. Thus, as many as 108 values could be input to the ANN (two values 
defining each bin, and a tally for the bin). However, other represenotions are also possible. For instance, by ordering the bin ullies 
linearly, only 36 need be provided as ANN input. Alternatively, only representations of bins having the highest tallies may be 
provided as ANN input. Thus, for example, if the highest 10 bins and their tallies were provided as ANN input, then only 20 inputs 
need be provided (i.e, 10 input pain, each having a single bin identifier and a corresponding rally). 

In addition, note that the signal processing subsystem 1220 may also obtain the identifications of other base stations 122 
(152) for which their pikit channels can be deteaed by the target MS 140 (i.e.. the fonvard path), or for which the base stations can 
detect a signal from the target MS (i.e., the revene path). Thus, in order to effeaively utilize substantially all pertinent location Rf 
signal measurements (i.e, from location signature data derived from communications between the target MS 140 and the base sution 
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TOMAorAMPS). ' 

(A2)adiscrete input corresponding toeach base .tatio„l22(ora„te„„aseaor.^^ 
Juch input here indicates whether the corresponding base station (seaor): 

(i) is on-line (i.e, capable of wireless communication with MSs) and at least its pilot channel signal is deteaed by the target 

MS MO. but the base station (sector) does not detea the target MS; 
Ji) is on-line and the base station (seaor) detects a wireless transmission from the target MS. but the target MS does not 

detect the base station (sector) pilot channel signal; 
(iii) is on-line and the base station (sector) detects the target MS and the base sution (seaor) is deteaed by the target MS- 
W .s on.|.ne and the base station (seaor) does not detea the target MS. the base station is not deteaed by the target MS; or 
(V) IS off-line (i.e. incapable of wireless communication with one or more MSs). 
Note that (i).(v) are hereinafter referred to as the "deteaion states." 

..|nalcba,aa.,i,,h.,.„,,u„ab™lik,l,„alfca™„,,l,a.a>™,ll,.„b,,oladja«»,.,,«rtappi.g«„^ 
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areai. multiple ANNs ma/ be aahrated. thus providing multipk MS location estimates. Further, multiple ANNs may be aaivated when 
a loution signature cluster is received for a target H$ MO ami location signature cluster includes location signature data 
corresponding to wireless transmissions between the H$ and. e.g., more base stations (antenna secton) than needed for the colleaion 
8 dexribed in the previous section. That is. if each colleaion B identifies four base stations 122 (antenna sectors), and a received 
location signature cluster includes location signature data corresponding to five base stations (antenna sectors), then there may be 
up to five ANNs activated to each generate a loation estimate. 

Moreover, for each of (he smaller AMNs, it is likely that the number of input neurons is on the order of 330; (i.e, 70 
inputs per each of four location signatures ( i.e.. 35 inputs for the for^vard wireless communications and 35 for the revene wireless 
communications), plus 40 additional discrete inputs for an appropriate area surrounding A^m. plw 10 inputs related type of MS. 
power levels, etc. However, it is important to note that the number of base stations (or antenna seaors 130) having corresponding 
location signature data to be provided to such an ANN may vary. Thus, in some subareas of the coverage area 120. location signature 
data from five or more base stations (antenna seaors) may be used, whereas in other subareas three (or less) may be used. . 

Regarding the output from ANNs used in generating MS location estimates, there are also numerous options. In one 
embodiment, two values corresponding to the latitude and longitude of the target MS are estimated. Alternatively, by applying a 
mesh to the coverage area 120. such ANN output may be in the form of a row value and a column value of a particular mesh cell (and 
its correspomiing area) where the target MS is estimated to be. Note that the cell sizes of the mesh need not be of a particular shape 
nor of uniform size. However, simple non-«blong shapes are desirable. Moreover, such cells should be sized so that each cell has an 
area approximately the size of the maximum degree of location precision desired. Thus, assuming square mesh cells. 250 to 350 feet 
per cell side in an urban/suburban area, and 500 to 700 feet per cell side in a rural area may be desirable. 

Artificial Neural Network Training 



: mvention. 



The following are steps provide one embodiment for training a location estimating ANN according to the presem i 

(a) Determine a colleaion. C. of clusters of RF signal measurements (i.e.. location signatures) such that each cluster is for RF 

transmissions between an MS 140 and a common set. B, of base sutions 122 (or antenna seaors 130) such the 
measuremenu are as described in (Al) above. In one embodiment, the colleaion C is determined by interrogating the 
location signature data base 1320 for verified location signature clusters stored therein having such a common set Bof 
base stations (antenna seaors). Alternatively in another embodiment, note that the colleaion C may be determined 
from (i) the existing engineering and planning data from seivice providers who are planning wireless cell sites, or (ii) 
seivice provider test data obtained using mobile test seu. access probes or other RF fieW measuring devices. Note that 
such a colleaion B of base stations (antenna seaors) should only be created when the set C of verified location signature 
clusters is of a sufficient size so that it is expeaed that the ANN can be effectively trained. 

(b) Determine a colleaion of base stations (or antenna seaors 130). B\ from the common set B. wherein B' is small (e.g., 

four or five). 
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types of signal processing filters for filtering the Rf measurements received from transmissions between an MS 140 and one or more 
base stations (antenna sectors 130). soch mechanisms for fimling near-optimal solutions may be applied to selecting appropriate 
filters as well. Accordingly, in one embodiment of the present invention, such filten are paired with particular ANNs so that the 
location signature data supplied to each ANN is filtered according to a corresponding "filter description" for the ANN. wherein the 
filter description specifies the filters to be used on location signature data prior to inpuning this data to the ANN. In panicular, the 
filter description can define a pipeline of filten having a sequence of filters wherein for each two consecutive filters, f , and f, (f, 
preceding fj). in a filter descriptipn. the output of f, flows as input to fj. Accordingly, by encoding such a filter dexription together 
with its corresponding ANN so that the encoding can be provided to a near optimal solution finding mechanism such as a genetic 
algorithm, it is believed that enhanced ANN locating performance can be obuined. That is. the combined genetic codesof the filter 
description and the ANN are manipulated by the genetic algorithm in a search for a satislaaoiy solution (i.e.. location error estimates 
within a desired range). This process and system provides a mechanism for optimizing not only the artificial neural network 
architeaure. but also identifying a nearoptimal match between the ANN and one or more signal processing filters. Accordingly, the 
following filters may be used in a filter pipeline of a filter description: Sobel. median, mean, histogram normalizatiofl. input cropping, 
neighbor, Gaussion. Weiner filters. 

One embodiment for implementing the genetic evolving of filter description and ANN pairs is provided by the following 
steps that may automatically performed without substantial manual effort: 

1) Create an initial population of concatenated genotypes, or genetic representations for each pair of an artificial neural 

networks and corresponding filter description pair. Also, provide seed parameters which guide the scope and 
charaaeriiation of the artificial neural network architeaures. filter seleaion and parameters, genetic parameters and 
system control parameters. 

2) Prepare the input or training data, including, for example, any scaling and normalization of the dau. 

3) Build phenotypes. or artificial neural network/filter description combinations based on the genotypes. 

4) Train and test the artificial neural network/filter description plienoiype combinations to determine fitness; e.g.. 

determine an aggregate location error .measurement for each network/filter description phenotype. 

5) Compare the fitnesses and/or errors, and retain the best network/filter description phem)types. 

6) Selea the best networks/filter descriptions in the phenotype population (i.e., the combinations with small errors). 

7) Repopulate the population of genotypes for the artificial neural networks and the filter descriptions back to a 

predetermined size using the selected phenotypes. 

8) Combine the artificial neural network genotypes and filter description gem>types thereby obtaining artificial neural 

network/filter combination genotypes. 

9) Mate the combination gerotypes by exchanging genes or charaaeristics/features of the network/ filter combinations. 

10) If system parameter stopping criteria is not satisfied, return to step 3. 
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It U important to note that when gathering RF signal measurements from a wireless base station network for locating MSs. 
the network should not be overburdened with location related traffic Accordingly, note that network location data requesu for data 
particularly useful for ANN based FOMs is generally confined to the requests to the base stations in the immediate area of a target MS 
MO whose location is desired, for instance, both collections of base stations B' and b discussed in the context of training an ANN are 
also the same collections of base stations from which MS location data would be requested. Thus, the wireless network MS location 
data requests are data driven in that the base stations to queried for location data (i.e.. the colleaions B* and b) are determined by 
previous fiF signal measurement charaaeristics recorded. Accordingly, the selection of the colleaions B* and b are adaptable to 
changes in the wireless environmental charaaeristics of the coverage area 120. 

LOCATION SIGNATURE DATABASE 

Before proceeding with a description of other levels of the present invention as described in (24.1) through (24J) above, in this seaion 
fuitherdetailisprovidedrBgarrfingthekKationsignaturedatabasel320. Note that a brief description of the location signature data base was 
provWed above indicating that this data base stores MS location daa from verified and/or known toadons (0^^^^^ 
emrironmental chaiaaeristic values) for use in enhancing cutrent target MS tocation hypodieses and for comparing archived location daQ with 
tocation signal data obuined from a currem target MS. However, the data base management system funaionality incorporated imo the 
toation signature data base 1320 is an important aspect of the present invemion.and is therefore described in this seaion. In particular, the 
data base management funannality described herein addresses a number of diffiailties encountered in maimaininga large archive of signal 
processing data such as MS signal location data. Some of these diffiailties can be desoflxd as follows: 

(a) in many signal processing contexts, in orderto effeaively utifize archived signal processing data forenhancing the performance 

of a related signal processing appliaiion. there must be an large amount of signal related data in the archive, and this data 
must be adequately maintained so that as archived signal data becomes less useful to the corresponding signal processing 
application (i^.. the data becomes "inapplicable") iu impaaon the appliation should be correspondingly reduced. 
Moreover, as archive data becomes substantially inappliable, it shouU be filtered from the archive altogether. However, the 
siie of the data in the archive makes it prohibitive for such a process to be performed manually, and there may be no simple or 
stra^htfoiward techniques for automating such irapaa reduaion or fikering processes for inapplicable signal data; 

(b) it is sometimes difficult to determine the archived daa to use in comparing with newly obtained signal processing appliation 
data; and 

(c) it is sometimes difficult to determine a useful technique for comparing archived data with newly obtained signal processing 
application data. 

It b an aspea of the present invention that the data base managemem funaionafity of the loation signature data base 1320 addresses 
each of the difficulties mentioned immediately above. For example, regarding (a), the kxation signature data base is "self cleaning" in that by 
associating a confidence value with each ioc sig in the data base and by reducing or increasing the confidences of archived verified be sigs 
aca)rding to how well their signal charaaeristic dao compares with newly received verified bcation signature data, the bcation signature data 
toe 1320 maintains a con$ij(e«y with newly verified Ioc sigs. 
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ri«followi„gdatata„manageme«fun«ionaldeurip.ionsdescril«»^ 
databa«l320. Note that. he^ao. various waywhat these funaiom may be e„,bodied. So as to not overburden .he reader her. ,he details 
foroneen,bodiment«pruvidedinAPPENOIXCfigsJ6athn,ugh.6cp,e.e„tatablep.^^^^^^ 
toaoon signature data type stored in the location signature data base 1320. 

lOCATION SIGNATURE PROGRAM DESCRIPTIONS 

The following progr.. updates the rartdon. loc sigs in the location signature data base 1320. In one e™bodin,ent. this program is 
invoked primarily by the Signal Processing Subsystem. 

Update Location signature Oaubase Program 

"P^.3te_Loc_Sig_DB{new_loc_obj. $election_criteria. loc_$ig_pop) 

/• This program updates ioc sigs in the loation signature data base 1320. That is. this program updates, for example at 
least the location information for verified random loc sigs residing in this data base. The genera! strategy here is to use 
.nformation(i.e.."„ewjoc_obj>eceh,edfromanewty verified locat«,n(that may not ye^ 
.gnature dau base) to assist in determining if the previously stored random verified loc sigs are still reasonably valid to 
we for 



(29.1) estimating a location for a given colleaion (i.e.. "bag-) of wireless (e.g.. COMA) location related signal 
charaaeristia received from an MS, 

(29 J) training (for example) adaptive location estimators (and location hypothesizing models), and 

(293) comparing with wireless signal characteristics used in generating an MS location hypothesis by one of the MS 
location hypothesizing models (denoted first Order Models, or. fOMs). 
More precisely, since it is assumed that it is more likely that the newest location information obtained is more indicative of 
the wireless (CDMA) signal charaaeristics within some area surrounding a newly verified location than the verified loc sigs 
(loation signatures) previously entered into the Location Signature data base, such verified ioc sigs are compared for 
s.gnal charaaeristic consistency with the newly verified location information (object) input here for determining whether 
some of these "older" data base verified loc sigs still appropriately characterize their associated tocation. 

In particular, comparisons are iteratively made here between each (target) be sig "near" "newjoc.obj" and a 
population of loc sigs in the location signature data base 1320 (such population typically including the loc ~ug for 
"new_(oc_obj) for 

(29.4) adjusting a conf idence faaor of the target loc sig. Note that each such confidence faaor is in the range (0 . j 
with 0 being the lowest and I being the highest, funher note that a confidence factor here can be raised as 
well as lowered depending on how well the urget toe sig matches or is consistent with the population of loc 
Sigs to whkh it is compared. Thus, the confidence in any particular verified loc sig. IS. can fluauaie with 
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lucceuive invocations of this program if the inpot to the luccejjive invocations are with location information 
geographically "near" LS. 

(29.5) remove older verified loc sigs from use vr hose confidence value is below a predetermined threshold. Note, it is 
intended that such predetermined thresholds be substantially automatically adjustable by periodically testing 
various confidence factor thresholds in a specified geographic area to determine how well the eligible data 
base loc sigs (for different thresholds) perform in agreeing with a number of verified loc sigs in a "loc jig 
test-bed", wherein the test bed may be composed of. for example, repeatable loc sigs and recent random 
verifted loc sigs. 

Note that this program may be invoked with a (verifiedAnown) random and/or repeatable loc sig as input, 
furthermore, the target loc sigs to be updated may be selected from a particular group of loc sigs such as the random loc 
sigs or the repeatable loc sigs. such seleaion being determined according to the input parameter, "seleaion criteria'' 
while the comparison population may be designated with the input parameter, "loc_sig_pop". for example, to update 
confidence faoors of certain random loc sigs near "new_loc_obj". "seleaion_criteria" may be given a value indicating. 
''USE_RAHDOM_LOC_SIGS", and "loc sig pop" may be given a value indicating. "U$E_REPEATABIE_L0C_SI6S". 
Thus, if in a given geographic area, the repeatable loc sigs (from. e.g.. stationary transceivers) in the area have recently 
been updated, then by successively providing ''new Joc_obj" with a loc sig for each of these repeatable loc sigs. the 
stored random loc sigs can have their confidences adjusted. 

Alternatively, in one embodiment of the present invention, the present funaion may be used for determining 
when it is desirable to update repeatable loc sigs in a particular area (instead of automatically and periodically updating 
such repeauble loc sigs). For example, by adjusting the confidence faaors on repeauble loc sigs here provides a method 
for determining when repeatable loc sigs for a given area should be updated. That is. for example, when the area's average 
confidence faaor for the repeatable loc sigs drops below a given (potentially high) threshold, then the HSs that provide the 
repeatable loc sigs can be requested to respond with new ioc sigs for updating the data base. Note, however, that the 
approach presented in this funaion assumes that the repeatable location information in the location signature data base 
1320 is maintained with high confidence by. for example, frequent data base updating. Thus, the random location 
signature dau base verified location information may be effectively compared against the repeatable loc sigs in an area. 
INPUT: 

new_loc_obj: a data rcpresenution at least including a loc sig for an associated location about which Location 
Signature toe sigs are to have their confidences updated. 

setection_criteria: a data represenution designating the loc sigs to be seleaed to have their confidences updated 
(may be defaulted). The foltowing groups of loc sigs may be selected: "USE RANDOM LOC SIGS" (this is the 
default). USE_REPEATABlE_LOC_$IG$". "USE_ALL_LOC_$IGS-. Note that each of these seleaions has values 
for the following values associated with it (although the values may be defaulted): 
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(a) a confidence reduction fartnr for reducing loc $ig confidences, 

(b) a bi f. error threshold for determining the errors above which are considered too big to ignore, 
(t) a confidence increase hrtnr for increasing loc sig confidences. 

(d) a s mall error threshold for determining the crron below which are considered too small {i.e.. good) to 
ignore. 

(e) a recent time for specifying a time period for indicating the lot sigs here considered to be "recent". 
Ioc_sig_pop: a data representation of the type of loc sig population to which the loc sigs to be updated are 

compared. The following values may be provided: 

(a) "USE ALL LOC SIGS IN DB". 

(b) "USE ONIY REPEATABLE LOC SIGS" (this is the default). 

(c) "yJE ONLY LOC SIGS WITH SIMILAR TIME Of OAr 

- However, environmenul chararteristics such as: weather, traffic, season are also contemplated. 

Confidence Aging Program 

The following program reduces the confidence of verified loc sigs in the location signature data base 1320 that are likely to 
be no longer accurate (i.e.. in agreement with comparable loc sigs in the data base). If the confidence is reduced low enough then 
such loc s.gs are removed from the 6m base. Further, if for a location signature data base verified location composite entity' (i e a 

collea.on of loc sigs for the same locationand time), thisentity no longerreferencesany valid loc 
the data base. Note that this program is invoked by "UpdatelocSigJB", 

reduce_bad_DB Joc_sigs(loc_sig_bag . error_rec_set. big_error_threshold confidence_reductionjactor. 

rGcent_time) 

Inputs: 

•oc.sigjag: A colleaion or "bag" of loc sigs to be tested for determining if their confidences should be lowered 

and/or any of these loc sigs removed. 
err«.r_rec_set: A set of error records (objects), denoted "error_recs". providing information as to how much each 

loc sig in "loc_sig_bag" disagrees with comparable loc sigs in the data base. That is. there is a 

"error rec" here for each loc sig in "loc si p; hxf 
big_error_threshold: The error threshold above which the errors are considered too big to ignore. 
confidence_reduaion_factor: The fanor by which to reduce the confidence of loc sigs. 

rtcentjime: Time period beyond which loc sigs are no longer considered recent. Note that "recent" loc sig, (i.e.. 

more recent than "recent_fime") are not subjea to the confidence reduaion and filtering of this 
actions of this function. 
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Confidence Enhancement Program 

The following program increases the confidence of verified Location Signature loc sigs that are (seemingly) of higher 
accuracy (i.e.. in agreement with comparable loc sigs in the location signature data base 1320). Note that this program is invoked by 
"Update_loc_$ig_DB". 

increase_confidence_oLgoodJBJoc_sigs(nearbyJoc_sig>g.error_^^^^^^^ 
confidence_increa$e_factor,recent_tinie); 

inpuu: 

l«_sig_bag: A colleaion or "bag" of to be tested for determining if their confidences should be increased. 

error_rec_set: A set of error records (objeas). denoted "error.recs". providing information as to how much each 
loc sig in "loc_sig_bag" disagrees with comparable loc sigs in the location signature data base. That 
is. there is a "err or rec" here for each loc si? in "loc $ig bag". 
small_error_thre5hold: The error threshold below which the errorj are considered too small to ignore, 
confidence jncrease_faaor: The factor by which to increase the confidence of loc sigs. 

recent_time: Time period beyond which loc sigs are no longer considered recent. Note that "recent" toe sigs (i.e.. 

more recent than "recem_time") are not subject to the confidence reduaion and filtering of this 
aaions of this function. 

Location Hypotheses Consistency Program 

The following program determines the consistency of location hypotheses with verified location mformation in the location 
sqfnatore data base 1320. Note that in the one embodiment of the present invention, this program is invoked primarily by a module 
denoted the historical location reasoner M24 described seaions herembelow. Moreover, the detailed description for this program b 
provided w,th the description of the historical location reasoner hereinbelow for completeness. 

OB_Loc_SigJrror_Fit(hypothesis,mea$uredJoc_sig_bag.$earch_criteria) 

/• This function determines how well the collection of Ix sigs in "measu«d_loc_sig_bag- fit with the loc sigs in the location 

signature data base 1320 wherein the data tase loc sigs must satisfy .he cnreriaof the input paramet^^ 
are relatively close to the MS loQtion estimate of the location hypothesis, "hypothesis". 
Input: hypothesis: HS location hypothesis; 

measured_loc_sig_bag: A collection of measured location signatures ("loc sigs" for short) obtained from the MS 
(the data structure here is an aggregation such as an array or list). Note, it is assumed that there is at most 
one loc sig here per Base Station in this colleaion. Additionally, note that the input data struaure here may 
be a location signature cluster such as the "loc_sig_cluster" field of a location hypothesis (cf. fig. 9). Note 
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that variation, in i„p„t dau «r«aum may be accepted here by utilization of flag or tag bits as one skilled 
the art will appreciate; 

search.criteria: The criteria for searching the verified location signature data base for various categories of loc 
sigs. The only limitation on the types of categories that may be provided here .s that. ,o be useful, each 
category should have meaningful mimher of be sigs in the location signature data base. The following 
categories included here are illustrative, but othen are contemplated: 

(a) "USE AIL LOC SIGS IN DB" (the default). 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 

further categories of loc sigs close to the HS estimate of "hypothesis" contemplated are: all loc sigs for the 

sameseasonandsametimeofday.alllocsigsduringaspecificweathercondition(e.g.,snowi„g)andatthe 
same t.me of day, as well as other limitations for other environmental conditions such as traffic patterns. 
Note, if this parameter is NIL. then (a) is assumed. 

Returns: Anerrorobjea(datatype:"error_object")havi„g:(a)an"error"fieldwithameasurement of the errorm^ 

of the loatK,™ signatures from the MS with verified location signatures in the location signature data base 1320- 
and (b) a "confidence" field with a value indicating the perceived confidence that is to be given to the "error" 
value. •/ 

Location Signature Comparison Program 

The following program compares: (al) loc sigs that are contained in (or derived from) the loc sigs in 
"targetJoc_sig_bag" with (bl) loc sigs computed from verif.d loc sigs in the location signature data base 1320. That is each loc 

s.gfrom(al).scomparedwithacorresponding,ocsigfrom(b)toobtainameasuremento, the discrepancy between the two^ 
inpart.u!ar.assumi„geachofthelocsigsfor"targetjoc_s,>g"correspondtothe«^^ 

location u "targetjoc". this program determines how well the loc sigs in "targetjoc.sigjag" fit with a computed or estimated 
loc s.g tor the location, "targetjoc" that is derhred from the verified loc sigs in the location signature data base 1320. Thus this 
program may be used: (a2) for determining how well .he loc sigs in the locatton signature cluster for a arget MS 
("target Joc_s,_bag") compare, with loc sig, derh^ed from verified location signatures in the location signature data base and 
(b2)fordetermminghowconsistentag«encolleaionof loc sigs ("Urge,Joc_sigJag") from the location^ 
w.th other toe sig, in the location signature dau base. Note that in (b2) each of the one or more loc sigs in "target loc sig bag" 
|«veanerrorcomput«i here that can be used in detenniningifthe be sig is becoming inappr.ableforpre^^^^^ 
Determ.ne_Location JignatureJit_Errors(target Joe. targetJoc_sig>g. search_area. search.cnteria. 
output_criteria) 

/* Input: targetjoc: An MS location or a location hypothesis for an MS. Note, this tan be any of the following: 
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(a) An H$ bcation hypothesis, in which ase. i( the hypothesis is inaccurate, then the loc jigs 
in "target Joc_$ig_bag" are the tocation signature cluster rrom which this location 
hypothesis was derived. Note that if this location is inaccurate, then 

"target joc sig bag" is unlikely to be similar to the comparable loc sigs derived from 
the loc sigs of the location signature data base close "target loc"; or 

(b) A previously verified MS location, in which case, the loc sigs of ••target_loc sig bag" 
were the loc sigs measurements at the time they were verified. However, these loc sigs 
may or may not be accurate now. 

target_loc_5ig_bag: Measured location signatures ("loc sigs" for short) obtained from the MS (the data 
struaure here, bag, is an aggregation such as array or list). It is assumed that there is at least one loc sig 
in the bag. further, it is assumed that there is at most one loc sig per Base Station; 

search area: The representation of the geographic area surrounding "target_loc". Thu parameter is used for 
searching the Location Signature data base for verified loc sigs that correspond geographically to the 
location of an MS in "search area: 

search criteria: The criteria used in searching the location signature data base. The criteria may include the 
following: 

(a) "USE ALL IOC SIGS IN DB". 

(b) "USE ONLY REPEATABLE LOC SIGS", 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 

However, environmental charaaeristia such as: weather, traffic, season are also contemplated, 
output criteria: The criteria used in determining the error records to output in "error rec bag". The criteria 
here may include one of: 

(a) "OUTPUT ALL POSSIBLE ERROR RECS"; 

(b) "OUTPUT ERROR RECS FOR INPUT LOC SIGS ONLY". 

Returns: error rec bag: A bag of error records or objects providing an indication of the similarity between each loc sig 
in '*target Joc_$ig_bag" and an estimated loc sig computed for "rarget_loc" from stored loc sigs in a surrounding 
area of "targetjoc". Thus, each erroriecord/object in "error_rec_bag" provides a measurement of how well a loc 
sig (i.e.. wireless signal characteristics) in "targetJoc_$ig_bag" (for an associated BS and the MS at "targetjoc") 
correlates with an estimated loc sig between this BS and MS. Note that the estimated loc sigs are determined using 
verified location signatures in the Location Signature data base. Note, each error record in "error rec bag" 
includes: (a) a BS ID indicating the base sution to which the error record corresponds: and (b) a error measurement 
(> = 0). and (c) a confidence value (in (0, 1]) indicating the confidence to be placed in the error measurement. 
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Computed Location Signature Program 

Ih pr.,.. rec.™ , „ ,i„ a«, „„p™, ^ ^ H „p„„„,i„ ^ ^ ^ 

OetermineLocation^SignatureJitErrorj". 
estimateJoc^sigJrom^DB(locJor^estimation. loc^sig^bag) 

Geographic Area Representation Program 

get_area_to_search(loc) 
Location signature Cotnparijon Program 
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search_criteria) 

Input: 
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target_loc_jig: The loc iig to which the "error rec" determined here is to be ajsociated. 
compariion_loc_jig: The loc sig to compare with the "urgetJoc_$ig". Note, if "cofnparison jot sig" is NIL. then this 

parameter has a value that corresponds to a noise level of "target loc sig". 
comparison Joc_sig_bag: The universe of loc sigs to use in determining an error measurement between "target joc sig" and 

"comparison_loc_$ig" . Note, the loc sigs in this aggregation include all loc sigs for the 
associated BS that are in the "search area". 
search_area: A representation of the geographical area surrounding the loation for all input loc sigs. This input is used for 

determining extra information about the search area in problematic circumstances. 
search_criteria: The criteria used in searching the location signature data base. The criteria may include the following: 

(a) "USE ALL LOC SIGS IM OB". 

(b) -USE ONLY REPEATABLE tOCSIGS". 

(c) -USE ONLY LOC SIGS WITH SIMIUR TIME Of DAY 

However, emrironmental characteristics such as: weather, traffic, season are also contemplated. 

Detailed Description of the Hypothesis Evaluator Modules 
Context Adjuster Embodiments 

The context adjuner 1326 performs the first set of potemially many adjustments to at least the confidences of location hypotheses, and in 
some imponam embodiments, both the conndences and the target MS location estimates provided by f OMs 1224 may be adjusted acconling to 
previous performances of the FOMs. More particularly, as memioned above, the context adjuster adjusts confidences so that, assuming there is 
a sufficient density verified loation signature clusten aptuned in the loation signature data base 1320. the resuhing loation hypotheses 
output by the context adjuster 1326 may be further processed uniformly and substantially without concern as to differences in accuracy 
between the first order models from which loation hypotheses originate. Accordingly, the context adjuster adjusts loation hypotheses both 
to environmenal faaors (e.g., terrain, traffic, time of day. etc. as described in 30.1 above), and to how predicuble or consistent each fim 
order model (TOM) has been at looting previous target MS's whose kxations were subsequemly verified. 

Of particular importance is the novel computational paradigm utilized herein. That is. if there is a sufficient density of pievnus verified 
MS loation data stored in the loation signatuie data base 1320. then the FOM botion hypotheses are used as an "index" into this data base 
(i.e, the loation signature data base) for construaing new target MS 140 bation estimates. A more detailed discussion of this aspea of the 
piesemimrention is given hereinbebw. Accordingly, only a brief oveiview B provided here. Thus, since the loation signature data base 1320 
stores previously aptured HS loation data including: 

(a) clusters of MS loation sigrature signals (see the loation signature data base sedon for a discussion of these signals) and 

(b) a corresponding verified MS loation, lor each such chister. from where the MS signals origircited. 
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data 01 the nation signature data base. 

In particuhr.at least the folbwing two criteriaare addressed by tlw context adjusts 

a2.l)ConfK,e„ceva,«esfortecationbypothesesa.tobecon,pa.b,eregard.^^ 

IWodKsesoriginate.Thatiuhecontextadj.tern,oderatesorda.pensconr.en^^ 

vanat„„sbetw«„|i„to,dernK,debsothatthehighertheconf«.e„ceofak.ationhypo^^^^^ 

u„f.tety..ftheloat»nhypothesisindiatesanareaestinutewherethe.3rgetM$isNOT)t^^ 

i:^^ output; 

.-:^.(32i)Conr.enceva,uesforIoatio„hypo.heses.aybeadiusted^^ 

-nth. day (weekday orweekend). ti.e of day.area type (urban, rural, etc.). traffic and/or weather when 

- ""'P-2^--«ratethefirstorder.odelshavepreviouslybeenindeter.i„ing3nmto^^^^ 
such env,ronn,ental characteristics. For example, in one embodiment of the present invention such 
envronmental characteristics are accounted for by utiliting a t.nsmission area type scheme (as discussed in 
sea,on 5.9 above) when adjusting confidence values of location hypotheses. Details regard.ng the use of area 
types for adjusting the confidences of location hypotheses and provided hereinbelow. and in paa,cular in 
APPENDIX D. 
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may also satisfy the following criteria: 

(33.1) The context adjuster may adjust location hypothesis confidences due to BS failure(s). 

(33.2) Additionally in one embodiment, the context adjuster may have a calibracon n,ode for at least one of- 

(a) calibrating the confidence values assigned by first order models to their location hypotheses outputs; 

'^^^ (b) calibrating itself. 

A n™ .ml»dim,m ,1 ,l,e conw, ad,.,,,, is fc..»d im^rttol, l„„i.b,b. art ,„ mm« » H»«, ft, 

P«»».i«..™»na,„i,cW,u.„™Mi«o.,^c...«,a-i^,.A»c.„.,.»^i^M,ah.te«».pp;,,,„„ 
ai » m .«rt»de« „a*, and ,h,„b, cha«. k.*, i^,^, 



Context_ adjuster(loc_hyp_list) 
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This funaion adjusts the location hypotheses on the list. -Ioc_hypJi$t". so that the confidences of the location hypotheses 
are determined nwrc by empirical dau than default values from the First Order Models 1224. That is. for each input location 
hypothesis, its confidence (and an MS location area estimate) may be exclusively determined here if there are enough verified location 
signatures available withic .ind/or surrounding the location hypothesis estimate. 

This function creates a new list of location hypotheses from the input list. *'loc_hyp_list". wherein the location hypotheses on 
the new list are modified versions of those on the input fist for each location hypothesis on the input list, one or more corresponding 
location hypotheses will be on the putput list. Such corresponding output loation hypotheses will differ from their associated input 
location hypothesis by one or more of the following: (a) the "image.area" field (see fig. 9) may be assigned an area indicative of 
where the target MS is estimated to be. (b) if -image_area" is assigned, then the "confidence" field will be the confidence that the 
target MS is located in the area for "image_area". (c) if there are not sufficient "nearby" verified location signature clusten in the 
location signature data base 1320 to entirely rely on a computed confidence using such verified location signature clusters, then two 
location hypotheses (having reduced confidences) will be returned, one having a reduced computed confidence (for "image_area") 
using the verified clusters in the location Signature data base, and one being substantially the same as the associated input location 
hypothesis except that the confidence (for the field "area_est") is reduced to ref lea the confidence in its paired location hypothesis 
having a computed confide.-ce for "image_area". Note also, in some cases, the location hypotheses on the input list, may have no 
change to its confidence or the area to which the confidence applies. 
6et_adju$tedjoc_hypjist_for(loc_hyp) 

This funaion returns a list (or more generally, an aggregation objea) of one or more tocation hypotheses related to the 
input location hypothesis. •'loc_hyp-. In particular, the returned location hypotheses on the list are "adjusted" versions of 
-locjyp" in that both their target MS MO location estimates, and confidence placed in such estimates may be adjusted according to 
archival MS location information in the location signature dau base 1320. Note that the steps herein are also provided in flowchart 
form in figs. 26a through 26c. 

RETURNS: loc_hyp_li$t This is a list of one or more location hypotheses related to the 

input "loc hyp". Each location hypothesis on "loc hyp list" will typically be 
substantially the same as the input "loc_hyp" except that there may now be a new target 
MS estimate in the field. "image_area". and/or the confidence value may be changed to 
refiea information of verified location signature clusters in the location signature data 
base. 

The funaion. "get_adjusted_loc_hyp_list_for.- and funaions called by this funaion presuppose a framework 
or paradigm that requires some discussion as well as the defining of some terms. Note that some of the terms defined hereinbelow 
are illustrated in fig. 243. 

Define the term the "the cluster set" to be the set of all MS location point estimates (e.g.. the values of the "pt esf field of the 
location hypothesis data type), for the present fOM, such that: 
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(a) these estimates are within a predetermined corresponding area (e.g. the -loc_hyp.pt_«yering" being such a 
pi«dettrmined corresponding area, or inon> generally, this predetermined corresponding ar?a is determined as a 
funaion of the distance from an initial location estimate. e.g, "loc_hyp.pt_est". from the FOM). and 

(b) these point estimates have verified location signature dusten in the location signature data base. 
Note that the predetermined corresponding area above will be denoted as the "cluster set area". 

Define the term "image duster set" (for a given first Order Model kientified by "locJyp.fOM JD") ,o mean the set of verified 
location signature clusters whose MS location point estimates are in "the cluster set". 

Note that an area containing the "image cluster set" will be denoted as the "image cluster set area" or simply the "image area" 
in some contexu. f unher note that the "image cluster set area" will be a "small" area encompassing the "image duster set". In one 
embodiment, the image cluster set area will be the smallest covering of cells from .he mesh for the presem FOM that coven the 
co„yejc,huil of the image cluster set Note that preferably, each cell of each mesh for each FOH is substantially contained within a 
single,(tran$mission) area type. 

-Thus, the presem FOM provides the correspondences or mapping between elements of the cluster set and elements of the image 
duster set. 



confidence_adjuster(fOMJD. imagearea. image_duster_set) 

This function returns a confidence value indicative of the target MS 140 being in the area for ••image_area". Note that 
the steps for this function are provided in flowchan form in figs. 27a and 27b. 

RETURNS: A confidence value. This i, a value indicative of the urget MS being located in the area represented by 
-image_area- (when it is assumed that for the related "loc_hyp." the "cluster set area" is the "loc_hyp.pt_covering" 
and "loc_hyp.fOMJD" is "fOMJD"). 

The function, -confidence.adjuster." (and functions called by this funaion) presuppose a framework or paradigm that 
requires some discussion as well as the defining of terms. 

Define the term "mapped duster density" to be the number of the verified location signature clusters in an "image duster 
set" per unit of area in the "image cluster set area". 

It is believed that the higher the "mapped cluster density", the greater the confidence can be had that a urget MS aaually 
resides in the "image duster set area" when an estimate for the target MS (by the present FOM) is in the correspotniing "the 
cluster set". 

Thus, the mapped cluster density becomes an important factor in determining a confidence value for an estimated area of a 
target MS such as. for example, the area represented by "image_area". However, the mapped cluster density value requires 
modification before it can be utilized in the confidence calculation. In patticular. confidence values must be in the range [-1. IJ 
ami a mapped dusterdensity does not have this constraint. Thus, a "relativited mapped cluster density" for an estimated MS 
area is desired, wherein this relativized measurement is in the range (-1. + 1), and in particular, for positive confidences in the 
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range [0. IJ. Accordingly, to alleviate (his difficulty, for the f OM define the tern, >diaion mapped cluster density" as a 
mapped cluster density value. MCO. for the fOM and image cluster set area wherein: 

(i) MCD is sufficiently high so that it correlates (at least at a predetern,ined likelihood threshold level) with the actual target 
. MS location being in the "image Cluster set area" when a f OM target MS location estimate « in the corresponding "cluster 
set area"; 

TI«ti,foracl«ster set area(e.g./1oc_hyp.pt_covenng")forthe present fO«.if^^^ 

chsterdensitygreaterthan tN>ediction mapped cluster density", then there is a high likelihood of the target MS being in the 
image cluster set area. 

It is believed that the prediction mapped cluster density will typically be dependent on one or more area types In 
particular, it is assumed that for each area type, there is a likely range of prediaion mapped cluster density values that is 
substantially uniform across the area type. Accordingly, as discussed in detail hereinbelow. to calculate a p,«li«io„ mapped 
cluster density for a paaicular area type, an estimate is made of the correlation between the mapped duster densities of image 
areas (from duster set areas) and the likelihood that if a verified MS location: (a) has a corresponding FOM MS estimate in the 
cluster set. and (b) is also in tl» panicular area type, then the verified MS location is also in the image area. 

Thus, if an area is within a single area type, then such a "relativized mapped cluster density" measurement for the area 
may be obtained by dWiding the mapped cluster density by the prediaion mapped cluster density and taking the smaller of: the 
r«s«lting ratio and 1.0 as the value for the relativized mapped cluster density. 

In some (perhaps most) cases, however, an area (e.g, an image cluster set area) may have ponions in a number of ar.a 
types. Accordingly, a "composite prediction mapped cluster density" may be computed, wherein, a weighted sum is computed of 
theptedKtionmappedclusterdensitiesfortheportionsoftheareathatisineachoftheareacypes. That is. the weighting, for 
each of the single area type prediction mapped cluster densities, is the fraaion of the total area that this area type is. Thus, a 
"relativized composite mapped cluster density" for the area here may also be computed by dividing the mapped cluster density 
by the composite prediaion mapped cluster density and taking the smaller of: the resulting ratio and 1.0 as the value for the 
relativized composite mapped cluster density. 
Aca,rdi„gly. note that as such a relatmred (composite) mapped cluster density for an image cluster set area increases/decreases, it is 
assumed that the confidence of the urget MS being in the image cluster set area should increase/deaease. 
respeaively. 

get_composite_prediaion_mapped_cluster_density_for_high_certainty(fOMJO.image_area); 

The present f unaion determines a composite prediaion mapped cluster density by determining a composite prediaion 
mapped cluster density for the area represented by "image_area" and for the First Order Model identified by "FOM_ID". 
OUTPUT: composite_mapped_density This is a record for the composite prediaion 
mapped cluster density. In panicular. there are with two fields: 
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(I) a "value" Held giving an approximation to the prediction mapped cluster density for the first 
Order Hodel having id, FOM JD; 

(ii) a "reliability" field giving an indication as to the reliability of the "value" field. The reliability 
field is in the range (0. 1 J with 0 indicating that the "value" field is worthless and the larger the 
value the more assurance can be put in "value" with maximal assurance indicated when "reliability- 
is I. 

get_prediaion_mapped_cluster_density_for(fOHJD. area_type) 

The present funaion determines an approximation to a prediction mapped cluster density. D. for an area type such that if an 
image cluster set area has a mapped cluster density > = D. then there is a high expectation that the target MS 140 is in .he 
.mage cluster set area. Note that there are a number of embodiments that may be utilized for this funaion. The steps herein are 
also provided in flowchart form in Figj. 29a through 29h. 

OUTPUT: prediction_mapped_clusterJe„sity This is a value giving an approximation to the prediction mapped 

cluster density for the first Order Model having identity. "FOM_IO". and for the area type represented by 
"area_type" */ 



It is important to note that the computation here for the prediction mapped cluster density may be more intense than 
«.me other computations btrt the cluster densities computed here need not be performed in real time target MS location 

20 processing. That is. the steps of this function may be performed only periodically (e.g.. once a week), for each FOH and each area 
type thereby precomputing the output for this funaion. Accordingly, the values obtained here may be stored in a table that is 
accessed during real time target MS location processing. However, for simplicity, only the periodically performed steps are 
presented here. However, one skilled in the art will understand that with sufficiently fast computational devices, some related 
variations of this funaion may bo performed in real-time. In particular, instead of supplying area type as an input to this 

25 '""«i°"-^P^"i^"'arnrea.A.maybeprovidedsuchastl,e.mageareaforaclustersetarea.or.^ 

m a particular area type. Accordingly, wherever "area_type" is used in a statement of the embodiment of this funaion below, a 
comparable statement with "A" can be provided. 

Location Hypothesis Analyzer Embodiment 

ReferringnowtoFig.7.anerabodimentoftheHypothesisAnalyzerisill«strated. The control componem is denoted the contml 
30 "»''«te'''OO.Thus.thiscont,t,lmodutema«,gesorcont,»lsaccesstothe,untimelocatk,nhypothe^ 

1400 and the run time loQtion hypothesis storage areaUIOmay be implementedasablackboardsystemand/oranex^^ 
Accordingbr.in the blackboardembodiment..andthecomrolmodulel400 determines when new toa^^^^ 



88 



15 



WO 98/10307 PCT/US97/15892 
bbckboanl from other processes such as the context adjuster 1326 as well as when hxation hypotheses may be output to the mon likefihood 
estimator 1344. 

The following is a brief description of each submodule included in the location hypothesis analyzer 1 332. 
(35.1) A control module 1400 for managing or controlling further processing of location hypotheses received from the context adjuster. This 
5 module controb all location hypothesis processing within the location hypothesis analyzer as well as providing the input interface with 

the context adjuster. There are numerous embodiments that may be utilized for this module, including, but not limited to. expert 
systems and blackboard managers. 
(35 J) A nin-time loation hypothesis storage area 1410 for retaining locatbn hypotheses during their processing 1^ the location hypotheses 
analyzer. This can be, for example, an expen system faa base ora blacfcboard. Note that in some of the discussion heteinbebw, for 
10 simplicity, this module is refened to as a "blackboard". However, it is not intended that such notatnn be a fimitatbn on the present 

invemion; ij», the term "blackboard" hereinafter will denote a run-time data repository for a data processing paradigm wherein die 
flow of antral is substantially data-driven. 
(35 J) An analytical leasoner module 1416 for determining if (or how well) kxatnn hypotheses are consistent with well known physical or 

heuristic constraints as, e.g, mentioned in (30.4) above. Note that this module may be a daemon or expen system rule base. 
(35.4) An historical bcatnn reasoner module 1424 for adjusting location hypotheses' confidences according to how well the bcation signature 
diaiacteristb (i.e, loc sigs) associated with a locatwn hypothesis compare with "nearby" loc sigs in the location signature data base 
as indiated In (303) above. Note that this module may also be a daemon or expert system rule base. 
(3Si) A loation extrapolator module 1432 for use in updating previous bcatbn estimates for a target MS when a more recent loation 

hypothesis is provided to the location hypothesis analyzer 1332. That is. assume that the control module 1400 receives a new location 
20 hypothesis for a target MS for which there are also one or more previous kration hypotheses that either have been recemly processed 

(le^ they reside in the MS status repository 1338, as shown best in Fig. 6), or are currently being processed (i.e. they reside in the run- 
time toation hypothesis storage area 1410). Accordingly, if the aaivejimestamp (see fig. 9 regarding kicatron hypothesis data 
fields) of the newly received tocation hypothesis is suffidently more recent than the aaivejimestamp of one of these previous toation 
hypotheses, then an extrapolation may be performed by the tocation extiapolator module 1432 on such previous location hypotheses so 
25 that all target MS location hypotheses being concurrently analyzed are presumed ta include target MS iocatnn estimates for 

substantially the same point in time. Thus, initial loGatnn estimates generated by the FOHs using differem wireless s^nal 
measurements, from different signal transmission time mtefvais, may have their corresponding dependent tocation hypotheses utibed 
simultaneously for determining a most likely target MS bation estimate. Note that this module may also be daemon or expen system 
rule base. 

(35.6) hypothesis generating module 1428 for generating additbnal tocarion hypotheses aaord'mg to, for example, MS toatbn information 
not adequately utilized or modehxl. Mote, bcatbn hypotheses may also be decomposed here if. for example it is determined that a 
tocatbn hypothesis includes an MS area estimate that has subareas with radically different characteristics such as an MS area estimate 
that includes an un'mhabited area and a densely populated area. Additbnally. the hypothesis generating module 1428 may generate 
"poor recepton" bcatbn hypotheses that specify MS locatbn areas of known poor receptbn that are "near" or intersea cuneraly 
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or expert system rule base. 



ad,u«™nna™perfor„«Klo„ba«,„hypothe»sa„dbywh.haddidona,,^^^^^^ 
s,rsttmanl«deKribedasaparticularda.sofsotethattyM^.^^^^^^ 

(36J)ada.ba»a..edthe"b^ad,whosestonHii„forma.b„iscon„„o„^ , 

elen,enuknow„a.«daan,ons>he.in.i„tt»p.«nti„ventioMheblacld^^^ 

cur^nt statusof the kK3.»„hypo.t„ses being evaluated tode«n„inea"„,o«^ 

thisdata base ijprovided by the ran time loation hypothesis storage area 1410; 
m °"^-™'eaaive(andtypialVoppo,tu„isdc)la,owledgeso„rtes.denoteda:i^ 

and™difytheconte„tsoftheblacldx»nl.TheblacldK,ardsys,ememployedrequ^ 

applKat,onknowWgespedfictothemiocationprobIem3ddr«sedbythepn.s^^^ Asshowninfig 7 the 

knowygesourtesordaemonsinthehypotheshanalyzerindudethe^^^^^ 

generating module 1428. and the historiat loation reasoner module 1416; 

(363) ^"•""'•^"'-'Hhatenablesthereafizationofthebehavbrinaserbl^^^^^^^ 

oahestrates the fhnvof control betv^en the variousdaemons.Thiscontroi module ispmvided^ 
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MS Status Repojitory Embodiment 

The MS status ^pomry 1338 isa run-time stonge manager for storing location hypotheses from previous activations of the 
locatron eng,ne 139 (as well as the output target HS location estimate(s)) so that a target MS may be tracked using target HS 
locafon hypotheses from previous location engine 139 activations to determim>. for example, a movement of the target MS between 
evaluat.ons of the target MS location. Thu, by retaining a moving wimlow of previous focation hypotheses used in evaluating 
pos..onsofatargetHS.measarementsof the targe.MS-svelocity.acceler.tion.andIite^ next posi,^^ 
locat.onhypothesisana.y„r,332:further.byprovldingaccessibili.ytorecentHSto»n^^^^^^^^^^ 

to resolve conflias between hypotheses Inacurrentadvationforlocatingthe target MS;e.,. MS pa^^^ 
extrapolating a new location 

Most Likelihood Estimator Embodiment 

The most likclihoodestimatorl344isamoduHordeten„ini„ga"most likely" ta^^ 
(e.g,as.n(30.7)above). one eml»diment. the most likelihood estin^tor performs an integration or summing of all to^^^^ 
confidence valuesforanygeog,aphkregion(s)of interest havingatleastonekKBtionh^^^^^ 
esamator.andwhe.inthetocationhypothesishasan.htively(orsufrdently)hih»^^^^^ 

determines chearea(s)wi,hineachsuch,egbn having highconMencesCorconfdencesaboveath^^^^^ 

loQtion estimates. 

inone embodiment of the most Bteiihoodestimatorl344.thhmodule«ilizesana,« 

meshcellsofMa,.prefen.bVsmallerthantheg,.a,est k^tionaccutacy desired. Thatis.eachceU 

.ndot-ngalikefihoodthattheurgetMS HO iskKated inc. wherein theconMencevalueforc^ 

target MS locationestimatesprnvidedtothe most likefihoodestimatorl344.Thus.toob.^ 
foltowmg steps are performed: 

(a) foreachof theaaive tocation hypotheses output by.e.g. the hypothesis analyzer 1332 (alternatively, the context adjuster 
1326). each conesponding MS loation area estimate. UE. is pmvided with a smaltest covering. Cu,. of cells c fn,m H 

WSobsequently.eachofthecellsofQ^ have their confKlencevaluesadjustedbyaddingtoat^ 
Accordingly, if the confrience of LEA is positive, then the celb of C^, have their conW^^^^ 
confidena of lEA is negative, thenthe cells of Cu, have their confidenas decreased. 

(c) Given that the interval[-I.O.+I.O]rep,esenu the nngeinconWencevalues.and that t^ 

■ntervals. Int. having lengths of. e.g. 0.0S. for each intervaUflt. perform a duster analysis ^^^^^ 

confidences that are infntThus.atopographiQl.type map may be construaedfromtheresuftingce 
higher confidence areas are anak>gous to representations of areas having higher efevatnns. 

(d) Outputarepresentationoftheresultingclustersforeachlmtotheoutputgateway«356fordete™^^^^^ 

granularity and repttsentatiofl desired by ead, btatbn application 146 requesting 
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Of course, variaibns in the above algorithm also within the scope of the present inveniien. For example, some embodiments of the 
most likelihood estimator 1344 may: 

(e) Perform special processing for areas designated as "poor reception" areas. For example, the most likelihood estimator 1344 may 
5 be able to impose a confidence value of zero (i.e., meaning it is unknown as to whether the target MS is in the area) on each 

such poor rKeption area regardless of the toation estimate confrfente vahies unless there is a location hypothesis from a 
reliable and unanticipated source. That is. the mesh cells of a poor reception area may have their confidences set to zero 
unless, e.g, there is a toation hypothesis derived from target MS taation data pnovkied by a mobile base sution 148 that 
(a) is near the poor reception area, (b) able to detea that the target MS 140 is in the poor reception area, and (c) can relay 
^^^^ l^^«>" to the location center 142. In such a case, the confidence of the target MS location estimate from the 
MBS tocaiion hypothesis my take precedence. 
(0 Additionally, in some embodiments of the most fikelihood estimator 1344, cells c of M that are "near" or adjacent to a covering 
may also have their confidences adjusted according to how near the cells c are to the covering. That is, the assigning of 
confidences to cell meshes may be "fuzzified" in the terms of fuzzy logk: so that the confidence value of each location 
^ ^ hypothesis utilized by the most likelihood estimator 1344 is provkled with a weighting faaor depending on iu praxity to the 

target MS location estimate of the tocation hypothesis. More precisely, it is believed that "nearness," in the present context, 
should be monotonic with the Videness" of the covering; i,e. as the extent of the covering increases (decreases) in a 
particular direaion. the cells c affected beyond the covering also increases (decreases), furthermore, in some embodiments of 
the most likelihood enimator 1344, the greater (lesser) the confidence in the LEA, the more (fewer) cells c beyond the covering 
''^ve their confidences affeaed. To describe this technkjue in further detail, reference is made to f ig. 1 0. wherein an area A is 
assumed to be a covering having a confidence denoted "conf. Accordingly, to determine a confidence adjustment to add 
to a cell c not in A (and additwnally, the cemrokl of A not being substantially identical with the cemroid of c which could occur 
if A were donut shaped), the following steps may be performed: 
(i) Determine the centroid of A. denoted Cent(A). 
25 (ii) Determine the centroid of the cell c denoted Q. 

fiii) Determine the extent of A along the line between Cent(A) and Q. denoted L 
(iv) for a given type of probability density function, P(x), such as a Gaussian funaion, let T be the beginning 
portion of the funaion that lives on the x-axis interval [0. t]. wherein P(i) = ABS(conO = absolute 
value of the confidence of Qa. 
W Stf^tch T atang the x-axis so that the stretched funaion, denoted $T(x), has an x-axis support of [0, 1/(1 -He 

P(x* (l+e^*^*^"^^''V).onthis$iretchedexteni. Further note that for confalences of -i-l 
and - 1 , the support of sT(x) is [0. L) and for confidences at (or near) zero this suppoa. further, the term, 
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is monotoniQfiy increasing with I and ABS(conf). 

(vi) OetermineO = the minimum distamc that Q is ouuide of A along the line between Cem(A) and Q. 

(vii) Determine the absolute value of the change in the confidence of c as $T(D). 

(viii) Provide tlie value sT(D) with the same sign as conf. and provide the potentially sign changed value sT(D) as 
theconfKienceof tlie cell c. 

Additionally, in «,™ embodiments, the most likelihood estimator 1344. upon receiving one or mo.e location hypotheses fn)m the 
hypothesis analyzer 1332. also performs some or all of the following tasks: 

(37.1) f"«rso"t location hypotheses havingconfidencevaluesnearzerowheneversuchloat^ 
unreliable to be utilized in determiningataqfet MS kKationesrinatc-forexampI^^ 
values in the range (-0X2, 0.02J may be filtered here; 

(372) Deterrnines the area of inten.st over which to perform the integnuion. In one embodiment, this area « ^ 

including each of the MS ar« estimates fmm the rKeived location hypotheses (wherein such location hypotheses have not 
been removed from consideration by the filtering process of (37.1)); 

(373) Determines.oncetheimeg,atiooisperforn«d.oneormo,ecolleaionsofcontiguomareameshcd^^ 

"most likely"MSIoationestimate.wheieineach such colleaionincludesoneormore area mesh cells ta^^^^ 
confidence value. 

Oeuilcd Description of the Location Hypothesis Analyzer Submodules 



Analytical Reasoner Module 

The analytical reasonerappfesconstraintor-sanity-checks to the target MS esri^^^^ 

location HypothesisStorage Area foradjusting the assodatedconWencevah«sK^^^^^ 

Winformation. That is. this moduledeterminesif(or how welOkKationhypo^^^^ 

suchas the lamof physics, inan area inwhich the M$(associated with the loQtionhypotte^^^ 

difference betweenaprevbusCmost likely) locationestimateofatarget MS and anestimate by 
to: 

(a) move at an unreasonably high rate of speed (e.g, 200 mph). or 

(b) move at an unreasonably high rate of speed for an area (e.g.. 80 mph in a com patch), or 

(c) make unreasonably sharp velodtychanges(e.gJrom 60 mph inone direction to 60 mph in the opposite 
then the confidence in the current hypothesis is reduced. Such path information may be dem^^ 

resultingfrom the FOHs by maimainingawindow of previous loatk,n hypotheses in the MS status re^^^^ 
retaining the-most likely-urget MS !ocarionestimates(ouiput by the most iikel,^ 
compared against such most likely MS location estimates. 
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The following path anity checks are incorporated into the computatbnsof this module. That b: 
(l)dothepredictedmpathsgei«ra(lyfolk«»abKwntrans|»mtionp^^^^ 

than 50 miles per hour are the taqjet H$ bcatbn estimates within, for exaniple. J mte 

sustaii«J); if so (not), then incrBase(decrease) the confidence of the tocationhy^^^^^ 
©aie the speeds. velodtiesand accelerations. determined from the curn-m and pa«u^^^ 

the region (e^, speeds should be less than 60 miles per hour in a dense urban area at 9 am); if » (not), then increase 

(decrease) the confidence of those that are (un)rea5onable: 

(3) are the locations, speeds, velocities and/or accelerations similar between urget MS tracks produced by different f OHs similan 
decrease the confrience of the currently active location hypotheses that are indicted as "outlien" by this criterion; 

(4) are the currently aaive taction hypothesis target MS estimates con^stent with previous predictions of where the target MS is 
^ prediaed to be from a previous (most likely) target MS estimate; if not. then decrease the confidence of at least those bcatbn 

'•yP«''«""«''^^«thataresubs.amialMifferentfromthecorn^spondingprediab^^^ 

may be over ruled. For example, if the prediaion is for an area forwhichthereisLoQtion Base Sutioncoverag^^ 

Location Base Sutioncovering the area subsequently reports communicatingwith the target MS. then the pred 

incorrea and any current location hypothesis fromthe same FOM should not be decreased hereif it is outsideofth^^ 
Base Station coverage area. 

Notice from FigJ that theanalytialreasonercanaccesskKationhypothesescurTemlypos^^ 
Storage Area. Additionally.it interacu with the Pathway Database whichcomainsinfo^^^^ 

transportation pathways in the region (highways, rivers, etc.) and the Area Characteristics Database which conuins informatbn concerning, for 
example, reasonable velocities that can be expeaed in various regtons (for instance. sp«^^ 

dense urbanareas). Note that both speed and directbn can be impoaam constraints: e.g., even though a speed might be appropriate 

area, such as 20 mphinadense urban area, if the direaion indicated byatimesenes of related locatK,nhypothes^^ 

extensive buiWing complex having no through traffK routes, then a reduaK,n in the confidence 01 one 
be appropriate. 

Oneembodiment of the Analytical Reasoner illustrating howsuchconstraints may be implemented is pmv^^^ 
Note, however.that this embodimentanalyzes only tocationhypotheseshavinganon-negativeconfide^ 

Modules of an embodiment of the analytical reasoner module 1416 are provided hereinbelow. 

Path Comparison Module 

The path comparison module I4S4 implemenu the following strategy: the confrience of a particular location hypothesis is be increased 
(decreased) if it is (not) prediaing a path that lies atong a known transponation pathway (and the speed of the target MS is sufficiently high) 
for instance, ifatimeseriesof target MS locationhypothesesforag^enFOM is prediaingapathoftte 
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IHlhway.theconfdenceofthecunendyactwIocationh^^^ Thus, at a high fevel the 

foHowing steps may be perfomied: 

(a) For each FOH having a cuntmly actin loation hypothesis in the Run-time loation Hypothesis Storage Area (also denoted 

•blackboard!, detennine a (Kem >th" obtained from a time series of loQtion h^^^^^^ 

>th^speKonned by stringing together siKcessive'-centerof area" (COA)orcentroidva^ 

target MS bation estimate in each loation hypothesis (real! that each loatffl^ 

estimates with one bein^ the most peninent). The information is stored injor^^^^^ 

of the matrix identifcs the FOM and theasecond dimension of the matrix representsaseriesofCOApa^ 
cniries in the matrix may be undefined, 

(b) Compan. each path obtained in (a) against known transportation pathways in an a^ 

representing to what extent the path matches any known ttansportation pathway iscomputed. Suchvaluesare taed later in a 
computation for adjusting the confidence of each corresponding cunemly active loation hypothesis. 

Velocity/Acceleration Calcuiation Mcdule 

The velocity/acceleration alculatbn module I4S8 computes vetocity and/or accelention estimates for the arget MS MO using (urrentiy 
activeloationhypothesesandprevioustoauonhypothesisestimatesofrt^ In one embodiment, for each FOH 1224 having a 

currently active loa,k.n hypothesis (with positive confidences) and a sufficient number of pnsviom (reasonably recent) target MS loation 
hypotheses.avelocityand/ora(celerationmaybeakulated. In an alternative embodiment, such a velocity and/oracceleration may be 
okulated using the cun^ntlyaaiveloQtion hypotheses ami one or more recem -most likely" fc^^^ 

engine 139. If the estimated vetocity and/or acceleration corresponding to a currently active loation hypothesb is reasonable for the itgion. 

then its confKlentsvahie may be incremented; if nouhenhsconfidence may be decrem^^^ 

(a) Approximate speed a^d^raaeleration estimates forcurremlyaaivetaigetMSkKatk.nhy^^ 

information related to the currently aaive loation hypotheses and previous target MS loation estimates in a manner similar to the 
description of the pathcomparisonmodute 1454. Accordingly.asingte confidence adjustment value 
currently active taction hypothesis for indiating the extern to which iucorrespondi^^ 

nasonaWe for its particular target MS loation estimate. This alculatbn is performed by retrieving information from the area 

characteristia data base I450(e.gjigs.6and 7). Since each toation hypothesis includes tiM 

loation signak were received from the target MS. the vetocity and/oraccelerat»nas$oci^^^^ 

toarion hypothesis an be straightfomrdly approximated. Actordingly.aconfKlerKeadjustmem value. 

likefihood that the velocity alculated for the i\ur,tmly aaive location hypothesis (having a^^^ 

information) may be appropriate is oJculated using for the environmental charaaeristics of the loation hypothesis' target MS 

loation estimate. For example, the area charaaeristics data base I4S0 may indude expected maximum vetocities 

accelerationsforeachaieafypcand/orcellofacellmeshofthecover3geareal20.Thus.vetocitiesand/oracceie^ 
maximum values may be indiative of am)malies in the MS locationestimatingpmce^^ 
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.«*,.„«„„„,^„^,,„.,^^^^^^^„^^^^^,^^^^_^^^^^^^^ 

Attribute Comparijon Module 

^^^^^^ 

*™na*,on..a.*.„ba™M,„i,,3»^^.,„^,„„^.^^^^ ^^^^^^^^ • 

(recent) time period. 

In a generalcontexuhe attribme compamon nKHiuIe 1462 operates ac»^ 
(38J)foreachof two or nto^curremly active loat»„lypotheses(wto^ 

(a) eachofthesecur,.„tVactivebc.tio„lvpothese,H.wasinithll^ 

(b) foragn«nH$e„imateattributeaodeachsuchcur.„t^att.elocat^„hy^^^^^^ 
attnbu.e(e,,theattril««evalue«.ightbeanHSpathesdmate.oraltenut.e^ 
acceleiatmn). when-in the attribute value is derived without using a fOM different from f 0I1„. and: 

(c) the derived attribute vahiej cluster jufficiemly well, 

increased by a confidence adjustment value ordeiu. 
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close enough to one another, further, upon determining the (any) batbn hypotheses satisfying (38,1), theie are various techniques that may 
be used in determining a change or delta in confidences to be applied. For example, in one embodiment, an initial default confidence delta that 
may be utilized is: if "cT denotes the confidence of such a currently active location hypothesis satisfying (38J), then an increased confidence 
that still remains in the interval [0, 1.0] may be; cf ({I - cf)/(l + cf )]\ or, cf * {1.0 + cf " J. n. = > 2, or, cf * (a constant having a 
synem tuned parameter as a faaor] . That is, the confidence deltas for these examptes are: ((I • cO/(l -f- cf )f (an additive delta), and. [1.0 
+ cf (a multiplicative delta), and a constant Additionally, note that it is within the scope of the present invention to also provide such 
confidence deltas (additive deltas or^multipliative deltas) with faaors related to the number of such location hypotheses in the cluster. 

Moreover, note that it is an aspect of the present invention to provide an adaptive mechanism (i.e.. the adaptation engine 1382 shown in 
Figs. 5. 6 and 8) for automatically determining performance enhancing changes in confidence adjustment values such as the conWence deltas 
for the present module. That is, such changes are determined by applying an adaptive mechanism, such as a genetic algorithm, to a colleaion 
of "system paramete rs" (including parameters specifying confidence adjustnrent values as well as system parameteR of, for example, the 
context adjuster 1326) in order to enhance performance of the present inventioa More particularly, such an adaptive mechanism may 
repeatedly perform the following steps: 

(a) modify such system parameters; 

(b) consequently aaivate an instantiation of the loation engine 139 (having the modified system parameters) to process, as input, a 
series of MS signal location data that has been archived together with data corresponding to a verified MS location from which signal 
location data was transmitted (eg., such data as is stored in the location signature data base 1320); and 

(c) then determine if the modifications to the system parameten enhanced location engine 139 performance in comparison to previous 
performances. 

Assuming this module adjusts confidences of currently aaive loation hypotheses according to one or more of the attributes: target MS 
path data, target MS velocity, and target MS acceleration, the computation for this module may be summarized in the foltewing steps: 

(a) Determine if any of the currently active location hypotheses satisfy the premise (38.1) for the attribute. Note that in making this 

determination, average distances and average standard deviations for the paths (velocities and/or accelerations) corresponding to 
currently aaive location hypotheses may be computed.. 

(b) For each currently aaive location hypothesis (wherein "i" uniquely identifies the location hypothesis) seleaed to have iu confidence 

increased, a confidence adjustmem value, path_similar(i) (alternatively, vclocity_similar(i) and/or acce!eration_similar(i) ), is 
computed indiating the extent to which the attribute value matches another attribute value being predirted by another FOM. 
Note that such confidence adjustment values are used later in the calculation of an aggregate confidence adjustment to particular 
currently aaive location hypotheses. 

Analytical Reasoner Controller 

Given one or more currently aaive location hypotheses for the same target MS input to the analytical reasoner comroiler 1466, this comroller 
aaivates. for each such input loation hypothesis, the other submodules of the analytial reasoner module 1416 (denoted hereinafter as 
"adjustment submodules") with this loation hypothesis. Subsequently, the analytial reasoner omtroller 1466 receives an output confidence 
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submodule detennines: a",uiuwm 

(a) wI«therti,eadju.t.«„,subn„,dulenByapp,,priatetyco.p„teaconf^^ 

s«Ppl«dbytheco«n,lfer.(for«an,pleJ„son«c««.he.a,ay„o.bea.^^^^ 
series from a Tued fOM); 

(b) ifappn,pr»te.the„.headju«n,entsubmodufecon,pu,«anon-zeroconW^^^ 
analytical reasoner controlter. 

("•"-""^(i) I »'h'<a.t«ir«..p™o»(and«.n,)ta«|,p^«lo,rt„„„^„Sa>Tte 

l»«te.p««db,*,a«fOHte|«.o«|-i-.a«l,a,B,pimiKati.,™™B 
pmW ih ta«o„ |,|,p,rt,i .f. ^ ^ 

transportation pathway. 
0 otherwise. 

^Lok(i) I if«hevelocitycakulatedforthei'\urn;mlyaaiveloc,tK,nhypoth^ 

MiTHjponding path infonnation) is typial for the area (and the current envifonmental 
characieristia) of this loation hypothesis* target MS loation estimate; 
02 if the velocty calculated for the i'^ cunemly aa^e IcKation hypothesis is near a naximum for the 
area (and the current environmental charaaeristics) of this location hypothesis' urget H$ loation 
estimate;. 

0 if the velodty alculated is above the maximum. 
'««-<"'(0 I tftheacceferationcalculatedforthei\urrentlyaaiveloadonhypothesis(assumi^ 

corresponding path information) is typial for the area (and the current envin,nmemal 
charaaeristia) of this botion hypothesis' target MS loation estimate; 
02 '■f«'»3ccele,ationalculatedforthei\unen.lyaaiveloa.ionhypothes«^ 

aiea(andthecur,emenvironmentalcharaaefisucs)ofthi,k)ationhypothesis'ufgetM$ 
estimate;. 

0 if the accelefation alculated is above the maximua 

^-nil^'-PathO) I «theloationhypo.hesisTsatisfies(38.I)for.hetargetMSpathda.aattnbute:Oothen.ise 

ve(cK«y_s,m.lar(l) , , hypothesis T satbfies (38.1) for the target MS verity attnbute; 0 otherwise. 

98 



PCT/US97/15892 

accBterMion_jimilar(i) I if the loation hypothcsu "i" sawfies (38.1) forthe target MS acceleration attribute: 0 otheiwise. 
extrapolation_chk(i) I if the location hypothesis "i" is "near" a previotisly predicted MS locuion forthe target MS; 0 

otheiwise. 

Additionally, (or each of the above confidence adjustments, there is a corresponding location engine 139 system seuble parameter whose 
value may be determined by repeated activation of the adaptation engine 1382. Accordingly, for each of the confidence adjustment types. T. 
above, then; is a corresponding system setabk parameter. "alpha_r. that is tunable by the adaptation engine 1382. AcconJingly. the 
following high level program segment illustrates tite aggregate confidence adjustment value computed by the Analytical Reasoner Controller. 

target_MS_bc_hyps < - get all currently active location hypotheses. H, identifying the piesem target ; 

for each currently aaive location hypothesis, hyp(i). from target_M$_loc_hyps do 

{ 

for each of the confidence adjustment submodules. CA. do 

activate CA with hyp(i) as input; 
/• now compute the aggregate confidence adjustment using the output from the confidence adjustment submodules. * / 
aggrBgat€_adjuitment(i) <~alpha_path_niatch» path_match(i) 
-♦- alpha_velocity * vel_ok(i) 
+ alphajjathjimibr * path_$imilar(i) 
+ alpha_velocity_$imilar • velocity_similar(i) 
+ alpha_acceleraiion_similar* acc€leration_$imilar{i) 
+ alpha extrapolaiion * exirapolation_chk(i); 
hyp(i),confidence < •-- hyp(i).confidence + aggregate_adjustment(i); 

} 



Historical location Reasoner 

The historical btation reasoner module 1424 may be. for example, a daemon or expert system rule base. The module adjusu the 
confidences of currently active loatron hypotheses by using (from location signature data base 1320) historial signal data correlated 
with: (a) verified MS locations (e.g. locations verified when emergency pe.rsonnel co-locate with a target MS location), and (b) various 
environmental faaors to evaluate how consistent the location signature cluster for an input location hypothesis agrees with such 
historical signal data. 

This reasoner will increase/decrease the confidence of a currently active location hypothesis depending on how well its associated 
loc sigs correlate with the loc sigs obtained from data in the location signature data base. 
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Note that the embodiment herelnbelow h but one of many embodiments that may adjust the confidence of currently aaive 
location hypotheses appropriately. Accordingly, i, is important to note other embodiments of the historKal location reasoner 
functionality are within the scope of the present invention as one skilled in the art will appreciate upon examining the techniques 
utthzed within this specification, for example, calculations of a confidence adjustmem factor may be determined using Monte Carlo 
techntques as in the context adjuster 1326. Each such embodiment generates a measurement of at least one of the similarity and the 
dtKrepancy between the signal charaaeristics of the verified location signature clusters in the location signature data base and the 
location signature cluster for an input- currently aaive location hypothesis, "locjyp". 

The embodiment hereinbelow provides one example of the funaio«.li,y tb« can be provided by the historical location reasoner 

I424 (euher by aa.3ting the following progra^sasadaemon or by transfonningvariousprogram segments into the consequ^ 
expert system rules). The present embodiment generates such a confidence adjustment by the following steps: 

(a) comparing, for each cell in a mesh covering of the most relevant MS location estimate in "loc hyp", the location signature 
cluster of the "locjyp" with the verified location signature clusters in the cell so that the following are computed: (i) a 
discrepancy or error measurement is determined, ami (ii) a corresponding measurement indicating a likelihood or 
confidence of the discrepancy measurement being relatively accurate in comparison to other such error measurements; 

(b) computing an aggregate measurement of both the erron and the confidences determined in (a); and 

(c) using the computed aggregate measurement of (b) to adjust the confidence of "loc_hyp". 



The program illustrated in APPENDIX E provides a more deuiled embodiment of the 



Location Extrapolator 



steps immediately above. 



The location ext,apoU.orM32wo,feon the foltawingpremise: if foracur,,„tlyaa«locatk.nhy^^^^^^ 
-nformationregardingestimatesof the target MS (e.gJrom the sameFOH or fmmusinga-mostlike^ 
the locationengine 139). then an extrapolation may be performed for prediaingfututetaig^^ 

loation hypotheses pmvided to the blackboard. Note that interpoton mutines (e^. conventional aigomhms such as Lagrange or Newton 

polym,mials)may be used todetermine an equation that app««imatesatargetMS path cor^^^ 
hypothesis. 

Subsequemly.suchanextrapobtionequationmaybeusedtocomputeafuturetargetMStoa^^^ 
such interpolation scheme, the following reference is incorporated herein by reference: Mathews. 1992. Numerical methods for mathematb. 
saence. and engineering. Englewood CBffs, Nj: Prentice Hall 

Acoirdingly. if a new curremly aaive location hypothesis (eg., supplied by the context adjuster) is received by the blackboard, then the 
taiptMStocationestimate of the new tocation hypothesis may be comparedwith the prediaedtocat«^^ 
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adjustment value an be determined according to how well if the bcatton hypothesis T . Tliat is. this confidence adiustment value will be 
larger as the new fIS estimate and the prediaed estimate become closer together. 

Note that in one embodiment of the present invention, such predictions are based solely on previous target MS location estimates output 
by location engine 139. Thus, in such an embodiment, substamially eve^ curremly active location hypothesis can be provided with a 
confidence adjustment value by this nraduteonceasuffentnumberof previous target MS to^ 

value, extrapolation_chk(i). that represents how accurately the new currently active location liypothesis (identified here by "i") matches the 
predicted location is determined. . 

Hypothesis Generating Module 

The hypothesis generating module 1428 is used for geneiating additional ioation hypotheses accoiding to. forexample. MS location 
information not adequately utifued or modeled. Note, location hypotheses may also be decomposed here if. for example it b determined that a 
Ioation hypothesis includes an MS area estimate that has subareas with radially different charaaeristics such as an area that includes an 
uninhabited area andadensely populated area. Additionally.the hypothesis generating m 

hypotheses that specify MS Ioation areas of known poor reception that are "near" or intersea currently active Ioation hypotheses. Note, that 
these poorreception Ioation hypotheses may be specially tagged (e.g.. withadistinaive FOH_IO value or specific tag field) so that regardless 
of substantially any other Ioation hypothesis cotifidence value overlapping suchapoorrecept^ 

value of "unknown" (i.e.. zero). Note tliat substantially the only exception to this constraint is Ioation hypotheses generated from mobile base 
stations 148. 
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Mobile Base Station Subsystem Introduaion 

Any collection of mobile elearonia (denoted mobile location unit) that is able to both estimate a location of a target MS 140 
and communicate with the base station network may be utilized by the present invention to mon. accurately locate the tarjet MS. 
Such mobile location units may provide greater target MS loation accuracy by. for example, homing in on the target MS and by 
transmitting additional MS location information to the location center 142. There are a number of embodiments for such a mobile • 
location unit contemplated by the present invention, for example, in a minimal version, such the elearonics of the mobile location 
unit may be little more than an onboard MS 140. a sectored/direaional antenna and a controller for communicating between them. 
Thus, the onboard MS is used to communicate with the location center 142 and possibly the target MS 140. while the antenna 
monitors signals for homing in on the target MS 140. In an enhanced version of the mobile location unit, a GPS receiver may also be 
incorporated so that the locatbn of the mobile location unit may be determined and consequently an estimate of the location of the 
target MS may also be determined. However, such a mobile location unit is unlikely ,o be able to determine substantially more than a 
direaion of the target MS 140 via the seaored/direaional antenna without further base sution infrastruaure cooperation in. for 
example, determining the transmission power level of the target MS or varying this power level. Thus, if the target MS or the mobile 
location unit leaves the coverage area 120 or resides in a poor communication area, it may be difficult to accurately determine where 
the target NS is located. None-the-less. such mobile location uniu may be sufficiem for many situations, and in fact the presem 
invention contemplates their use. However, in cases where direa communication with the urget MS is desired without constant 
contact with the base station infrastructure, the present inventk,n includes a mobile location unit that is also a scaled down version of 
a base station 122. Thus, given that such a mobile base station or MBS M8 includes at least an onboard MS 140. a 
seaored/direaional antenna, a GPS receiver, a scaled down base station 1 22 and sufficient components (including a controller) for 
integrating the capabilities of these devices, an enhanced autonomous MS mobile location system can be provided that can be 
effertiveiy used in. for example, emergency vehicles, air planes and boats. Accordingly, the description that follows below describes 
an embodiment of an MBS 1 48 having the above mentioned components and capabilities for use in a vehicle. 

As a consequence of the MBS 148 being mobile, there are fumlamenul differences in the operation of an MBS in 
comparison to other types of BS's 122 (152). In particular, other types of base stations have fixed locations that are precisely 
determined and known by the location center, whereas a location of an MBS 148 may be known only approximately and thus may 
require repeated and frequent re-estimating. Secondly, other types of base stations have substantially fixed and suble 
communication with the location center (via possibly other BS's in the case of IBSs IS2) and therefore although these BS's may be 
more reliable in their in their ability to communicate information related to the location of a target MS with the location center, 
accuracy can be problematic in poor reception areas. Thus, MBS's may be used in areas (such as wilderness areas) where there may 
be no other means for reliably and cost effectively locating a urget MS 140 (i.e.. there may be insufficient fixed location BS's 
coverage in an area). 
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Fig. II providei a high level block diagram architecture ol one embodiment of the MBS location subsyjtem 1508. , 
AccortJingly, an MBS may include componenn lor communicating with the fixed locatiffn BS network infrastmcture and the location 
center 142 via an on-board transceiver 1512 that is effeaively an MS MO integrated into the location subsystem 1508. Thus, if the 
MBS 148 travels through an area having poor infrastruaure signal coverage, then the MBS may not be able to communicate reliably 
with the location center 142 (e.g.. in rural or mounuinous areas having reduced wireless telephony coverage). So it is desirable that 
the MBS 148 must be capable of functioning substantially autonomously from the loation center. In one embodiment, this implies 
that each MBS 148 must be capable of estimating both its own location as well as the loation oi a target MS 140. 

Additionally, many commercial wireless telephony technotogies require all BS's in a network to be very accurately time 
synchronized both lor transmitting MS voice communication as well as for other services such as MS bcation. Accordingly, the MBS 
148 will also require such time synchronization. However, since an MBS 148 may not be in constant communication with the fixed 
location BS network (and indeed may be off-fine for substantial periods of time), on-board highly accurate timing device may be 
neceijaiy. in one embodiment, such a device may be a commercially available ribidium oscillator 1520 as shown in Fig. II. 

Since the MBS 148 . includes a scaled down venion ol a BS 122 (denoted 1522 in fig. 1 1), it is capable of performing most typical 
BS 122 tasks, albeit on a reduced scale. In particular, the base station portion ol the MBS 148 can: 

(a) raise/lower its pilot channel signal strength. 

(b) be in a state of soft hand-off with an MS 140, and/or 

(c) be the primary BS 122 for an MS 140, and consequently be in voice communication with the target MS (via the MBS 
operator telephony interface IS24) if the MS supports voice communication. 

further, the MBS 148 can. if it becomes the prima^ base station communicating with the MS 140. request the MS to raise/lower its 
power or. more generally, control the communication with the MS (via the base station components 1522). However, since the MBS 
148 will likely have substantially reduced telephony tralfic opacity in comparison to a standard infrastruaure base station 122, note 
that the pilot channel lor the MBS is preferably a nonstandard pilot channel in that it should not be identified as a conventional 
telephony traffic bearing BS 122 by MS's seeking normal telephony communication. Thus, a target MS 140 requesting to be located 
may. depending on its capabilities, either automatically configure itielf to scan for certain predetermined MBS pilot channels, or be 
instruaed via the fixed location base station network (equivalent^ BS infrastructure) to scan for a ceruin predetermined MBS pik>t 
channel 

Moreover, the MBS 148 has an additional advanuge in that it can substantially increase the reliability of communication with a 
urget MS 140 in comparison to the base station infrastruaure by being able to move toward or track the target MS 140 even if this 
MS is in (or moves into) a reduced infrastructure base station network coverage area, furthermore, an MBS 148 may preferably use a 
directional or smart antenna 1526 to more accurately locate a diieaion of signals from a target MS 140. Thus, the sweeping ol such a 
sman antenna 1526 (physically or elearonially) provides direoional information regarding signals received from the target MS 140. 
That is, such direaional information is determined by the signal propagation delay of signals from the target MS 140 to the angular 
seaors of one of more direaional antennas 1526 on-board the MBS 148. 
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Before proceeding ,of«rtl«rde«ilsofrhe MBS location subsystem 1508. an exam^ 
context of responding to a 9. 1 emergency call is given. In particolar. this example describes .he high level computational states 
th«,ughwl,ichtheMBSM8transition,thesesutesalsobe.ngilluuratedinthes,atetr3nsiti^^ Notethatthis 
f-gure .llustrates the primary state transitions between those MBS 148 states, wherein the solid state transitions are indicative of a 
typol ".dear progression when locating or tracking a target MS MO. and the dashed state transitions are ,he primary state 
revenionsdue. for example, to difficulties in locating the target HS 140. 

Accordingly, initially the HBS 148 n,ay be in an inaa^e state 1700. wherein the MBS location subsystem 1508 is effeaivety 
available for vo.ce or data communication with the f.xed location base station network, but the MS 140 locating capabilities of the 
MBS are not aaive. from the inactive state 1700 the MBS (e.g.. a police or rescue vehicle) may enter an aaive state 1704 once an 
MBSoperator has logged onto the MBS locat.onsubsystemof the MBS.such logging beingfor authentication, verification a^^ 
,ournal.ngofMBSI48events. <" the active state ,704. the MBS may be listed by a 9.1 emergency centerand/orthelocationcenter 
142 as el.g.ble for service in responding to a 911 request. From this state, the MBS 148 may tnnsition to a ready state 1708 signifying 
that the MBS .s ready lor use in locating and/or intercepting a target MS 140. That is. the MBS 148 may transition to the ready sute 
1708 by performing the following steps: 

(la) Synchronizing the timing of the location subsystem 1508 with that of the base station network infrastructure. In one 
embodiment, when requesting such time synchronization from the base station infrastruaure. the MBS 148 will be at a 
predetermined or well known k,catk.n so that the MBS time synchronization may adjust for a known amount of signal 
propagation delay in the synchronization signal. 

(lb) Establishing the location of the MBS 148. In one embodiment, this may be accomplished b, for example, an MBS operator 
Identifying the predetermined or well known location at which the MBS 148 is located. 

(Ic) Communicating with, for example, the 911 emergency center via the fixed location base station infrastruaure to identify 
the MBS 148 as in the ready stale. 

Thus, while in the ready state 1708. as the MBS 148 moves, it has its location repeatedly (re)-esfmated via. for example 
GPS signals, location center I42S location estimates from the base stations 122 (and 152). and an on-board deadreckoning subsystem 
1527 having an MBS location estimator according to the programs described hereinbelow. However, note that the accuracy of the 
base statin time synchronization (via the ribidium oscillator 1520) and the accuracy of the MBS 148 location may need to both be 
periodically recalibrated according to (la) and (lb) above. 

Assuming a 91 1 signal is transmitted by a target MS 140. this signal is transmitted, via the fixed location base station 

.nfrastructure.tothe91lemergencycenterandtheloationcenterl42.andassumingtheMBSf48isinthereadystatel708 ifa 
corresponding 911 emergency request is transmitted to the MBS (via the base station infrastruaure) from the 91 1 emergency center 
or the location center, then the MBS may transition to a seek state 1712 by performing the following steps: 

(2a) Communicating with, for example, the 91 1 emergency response center via the fixed location base station network to receive 
the PN code for the target HS to be located (wherein this communication is performed using the MS-like transceiver 1512 

and/nr rh» Mft^ nnar^*<«* *.u«L^ : ..-^^^ 



and/or the MBS operator telephony interlace 1524). 
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(2b) Obtaining a most recent urget MS location euimate from either the 91 1 eme^ency center or the location center 142. 
(2c) Inputting by the MBS operator an acknowledgment of the target MS to be located, and transmining this acknowledgment 
to the 911 emergency response center via the transceiver 1512. 

Subsequently, when the MBS 148 is in the seek state 1712. the MBS may commence toward the target MS location estimate 
provided. Note that it is likely that the MBS is not initially in direa signal contart with the target MS. Accordingly, in the seek state 
1712 the following steps may be,Jor example, performed: 

(3a) The location center 142 or the 91 1 emergency response center may inform the target MS. via the fixed location base station 
network, to lower its threshold for soft hand-off and at least periodically boost its location signal strength. Additionally, 
the target MS may be informed to scan for the pilot channel of the MBS 148. (Note the aaions here are not, aaions 
performed by the MBS 148 in the "seek state"; however, these aaions are given here for clarity and completeness.) 
(3b) Repeatedly, as sufficient new MS location information is available, the tecation center 142 provides new MS location 

estimates to the MBS 148 via the fixed location base station network. 
(3c) The MBS repeatedly provides the MBS operator with new target MS location estimates provided substantially by the location 

center via the fixed location base station network. 
(3d) The MBS 148 repeatedly attempts to detea a signal from the target MS using the PN code for the urget MS. 
(3e) The MBS 148 repeatedly estimates its own tocation (as in other states as well), and receives MBS location estimates from 
the location center. 

Assuming that the MBS 148 and target MS 140 detea one another (which typically occurs when the two units are within .25 
to 3 miles of one another), the MBS enters a contaa state 1716 when the target MS 140 enters a soft hand-off state with the MBS. 
Accordingly, in the contaa state 1716. the following steps are. for example, performed: 
(4a) The MBS 148 repeatedly estimates its own location. 

(4b) Repeatedly, the location center 142 provides new target MS 140 and MBS location estimates to the MBS 148 via the fixed 

location base infrastruaure network. 
(4c) Since the MBS 148 is at least in soft hand-off with the target MS 140, the MBS can estimate the direaion and distance of 

the target MS itself using, for example, deteaed target MS signal strength and TOA as well as using any recent location 

center target MS location estimates. 
(4d) The MBS 148 repeatedly provides the MBS operator with new target MS location estimates provided using MS location 

estimates provided by the MBS itself and by the location center via the fixed location base station network. 

When the target MS 140 deteas that the MBS pilot channel is sufficiently strong, the target MS may switch to using the 
MBS 148 as its primary base station. When this occurs, the MBS enters a control state 1720, wherein the following steps are, for 
example, performed: 
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(Sa) The MBS 148 repeatedly estimates its own loation. 

(Sb) Repeatedly, the location center M2 provide, new urge. MS and MBS location estimates to the MBS M8 via the network o( 
base stations 1 22 (IS2). 

(Sc) The MBS 148 estimates the direction and distance of the target MS 140 itself using, for exa„,p,e. detected target MS signal 
strength and TOA as well as using any recent location center target MS location estimates. 

(5d) The MBS 148 repeatedly provides the MBS operator with new target MS taac«,n estimates provided using MS location 
estimates provided by the.MBS itself and by the location center 142 via the fi«d location base station netwert 

(5e) The MBS 148 beco.es the primaor base station for the target MS 140 and therefore controls at least the signal strength 
output by the target HS. 

Note, there can be more than one MBS 148 tracking or locatmg an MS 140. There can also be more than one target MS 140 to be 
tracked concurrently and each target MS being tracked may be stationary or moving. 

MBS Subsystem Architecture 

». HBS M8 MS i,^ <ta^,< ^ ,„ ^ ^ „5 ^ ^^^^^^^^ ^ 

"ftaed ., .Kftoel f.,™„p|,. „„ ^ „„„i„, ^^^^^ ^^^^^ 
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(nott clut this scheduler is potentially optional and that mch commands may be provided direaly to the deadreckoning estimator 
IS44). and a scheduler 1532 for communicating with the urget H$(s) 140 being located. Further, it is assumed that there is 
sufficient hardware and/or software to appear to perform commands in different schedulers substantially concurrently. 

In order to display an MBS computed location of a target MS 140. a loation of the MBS must be known ordetermined. 
Accordingly, each MBS 148 has a plurality of MBS location estimators (or hereinafter also simply referred to as location estimators) 
for determining the location of the MBS. Each such location estimator computes MBS location information such as MBS location 
estimates, changes to MBS location estimates, or. an MBS location estimator may be an interface for buffering and/or translating a 
previously computed MBS location estimate into an appropriate format. In particular, the MBS location module IS36. which 
determines the location of the MBS. may include the following MBS loation estimators 1540 (also denoted baseline location 
estimaton): 

(a) a GPS location estimator 1 540a (not individually shown) for computing an MBS location estimate using GPS signals. 

(b) a location center location estimator 1540b (not individually shown) for buffering and/or translating an MBS estimaie 
received from the location center 142, 

(c) an MBS operator location estimator IS40c (not imiividually shown) for buffering and/or translatmg manual MBS location 
entries received from an MBS location operator, and 

(d) in some MBS embodiments, an LBS location estimator I540d (not individually shown) for the activating and deactivating 
of IBS's 152. Note that, in high multipath areas and/or stationa^ base station marginal coverage areas, such low cost 
location base stations 152 (IBS) may be provided whose locations are fixed and accurately predetermined and whose 
signals are substantially only receivable within a relatWely small range (e.g., 2000 feet), the range potentially being 
variable. Thus, by communicating with the LBS's 152 directly, the MBS 148 may be able to quickly use the location 
information relating to the location base stations for determining its location by using signal charaaeristics obtained 
from the LBSs 152. 

Note that each of the MBS baseline location estimators 1540. such as those above, provide an actual MBS location rather than, for 
example, a change in an MBS locai.on. further m,te chat it is an aspect of the present invention that additional MBS baseline location 
estimators IS40 may be easily integrated into the MBS tocation subsystem 1508 as such baseline location estimaton become 
available, for example, a baseline tocation estimator that receives MBS k)ation estimates from reflective codes provided, for 
example, on streets or street signs can be straightforwardly incorporated into the MBS location subsystem 1508. 

Additionally, note that a plurality of MBS location technotogies and their corresponding MBS location estimaton are utilized 
due to the fact that there is currently no single location tedinotogy available that is both sufficiently fast, accurate and accessible in 
substantially all terrains to meet the location needs of an MBS 148. for example, in many terrains GPS technologies may be 
sufficiently accurate; however. GPS technologies: (a) may require a relatively long time to provide an initial location estimate (e.g.. 
greater than 2 minutei); (b) when GPS communication is disturbed, it may require an equally long time to provide a new location 
estimate; (c) clouds. buiMings and/or mountains can prevent location estimates from being obtained: (d) in some cases signal 
refteaions can substantially skew a location estimate. As another example, an MBS 148 may be able to use triangulation or 
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tr.laterafiza.ion technologies to obuin a location estinate; however, this assumes that there is sufficient (f.xed location) 

-nfrastructureBS coverage inthearea the MBS ishKated. further, it is well known that the m.itipath phenomenon can substantially 

dinort such location estimates/Thus. for an HBS M8 to be highly effeaive m varied terrains, an MBS is prov.d^^ 
location technologies, each supplying an MBS location estimate. 

In fact, much of the architeaure of the location engine 139 could be incorpon.ed into an MBS M8. for example in some 
embodimenu of the MBS 148. the following fOMs 1224 may have similar location models incorporated into the MBS: 

(a) a variation of the distance FOM 1224 wherein TOA signals from communicating fixed location BS's are received (via 
the MBS transceiver ISI2) by the MBS and used for providing a location estimate; 

(b) a variation of the artificial neural net based f OMs 1224 (or more generally a location learning or a classification 
model) may be used to provide MBS location estimates via. for example, learned associations between fixed location 
BS signal charaaerisiics and geographic locations; 

(c) an IBS location fOM 1224 for providing an MBS with the ability to activate and deaaivate LBS's to provide (positive) 
MBS tocatk,n estimates as well as negative MBS location regions (i.e.. regions where the MBS is unlikely to be since 
one or more LBS's are not deteaed by the MBS transceiver); 

(d) one or more MBS location reasoning agents and/or a location estimate heuristic agents for resolving MBS location 
estimate conflicts and providing greater MBS location estimate accuracy, for example, modules similar to the 
analytical reasoner module 1416 and the historical location reasoner module 1424. 

However, forthose MBS location models r«,uiring communication with the base station infrastruaure. an alternative 
embodiment is to rely on the location center 142 to perform the computations for at leas, some of these MBS FOM models That is 
since each of the MBS location models mentioned immediately above require communicaiion with the network of fixed location BS's 
122 (152). It may be advantageous to transmit MBS location estimating data to the location center 142 as if the MBS were another MS 
140 for the location center to locate, and thereby rely on the location estimation capabilities at the location center rather than 
duplicate such models in the MBS 148. The advantages of this approach are that: 

- (a) an MBS is likely to be able to use less expensive processing power and software than that of the location center 
(b) an MBS is likely to require substantially less memory, particularly for data bases, than that of the location center 
As will be discussed further below, in one embodiment of the MBS 148. there are confidence values assigned to the locations 
output by the various location estimators 1 540. Thus, the conf idence for a manual entry of tocati^ 
rated the highest and followed by the confidence for (any) GPS location data, followed by the confidence for (any) location center 
location 142 estimates, followed by the confidence for (any) locat»n estimates using signal characteristic data from LBSs However 
such pnoritizationmayvarydependingon. for instance, the radiocoverage area 120. In an one embodiment of the present 
invention, it ,s an aspect of the present invention that for MBS location dau received from the GPS and location center their 
confidences may vary according to the area in whkh the MBS 148 resides. That is. if it is known that for a g^en area there is a 
reasonable probability that a GPS signal may suffer multipath distortions and that the loatk.n center has in the past provided 
reliable location estimates, then the confidences for these two location sources may be reversed. 

108 



wo 98/10307 PCT/US97/15892 
In one embodiment of the present invention. MBS operatcn may be requested to occasionally manually enter the location of the 
MBS 148 when the MBS is stationa^ for determining and/or calibrating the accuracy of various MBS loation estimaton. 

There is an additional important source of location information for the MBS 148 that is incorporated into an MBS vehicle 
(such as a police vehicle) that has no comparable lunaionality in the network of fixed location BS's. That is. the MBS 148 may use 
deadreckoning information provided by a deadreckoning MBS location estimator 1 544 whereby the MBS may obtain MBS 
deadreckoning location change estimates. Accordingly, the deadreckoning MBS tocation estimator 1 544 may u«. for example, an on- 
board gyroscope 1550. a wheel rotation measurement device (e.g., odometer) IS54, and optionally an accelerometer (not shown). 
Thus, such a deadreckoning MBS location estimator 1544 periodically provides at least HBS distance and directional data related to 
MBS movements from a most recent MBS kxation estimate. More precisely, in the absence of any other new MBS location 
information, the deadreckoning MBS location estimator 1544 outputs a series of measurements, wherein each such measurement is an 
estimated change (or delta) in the position of the MBS 148 between a request input timestamp and a closest time prior to the 
tiraesump, wherein a previous deadreckoning terminated. Thus, each deadreckoning location change estimate includes the following 
fleMs: 

(a) an "earliest timestamp" Held for designating the start time when the deadreckoning location change estimate 
commences measuring a change in the tocation of the MBS; 

(b) a "latest timesump" field for designating the end time when the deadreckoning location change estimate stops 
measuring a change in the bation of the MBS; and 

(c) an HBS location change vector. 

That is. the "latest timestamp" is the timestamp input with a request for deadreckoning location data, and the "earliest timestamp" 
is the timestamp of the ctosest time. T. prior to the latest timestamp, wherein a previous deadreckoning output has its a timestamp 
at a time equal to T. 

further, the frequency of such measurements provided by the deadreckoning subsystem 1527 may be adaptively provided 
depending on the velocity of the HBS 148 and/or the elapsed time since the most recent MBS location update. Accordingly, the 
architenure of at least some embodiments of the MBS k)cation subsystem 1508 must be such that it can utilize such deadreckoning 
information for estimating the location of the MBS 148. 

In one embodiment of the MBS tocation subsystem 1 508 dexribed in further detail hereinbelow, the outputs from the 
deadreckoning MBS location estimator 1544 are used to synchronize HBS location estimates from different MBS baseline location 
estimators. That is, since such a deadrectoning output may be requested for substantially any time from the deadreckoning MBS 
location estimator, such an output can be requested for substantially the same point in time as the occurrence of the signals from 
which a new HBS baseline location estimate is derived. Accordingly, such a deadrectoning output can be used to update other MBS 
location estimates not using the new HBS baseline bcation estimate. 

It is assumed that the error with dead reckoning increases with deadreckoning distance. Accordingly, it is an aspect of the 
embodiment of the MBS tocation subsystem 1508 that when incrementally updating the tocation of the MBS 148 using deadreckoning 
and applying deadreckoning location change estimates to a "most likely area" in which the MBS 148 is believed to be. this area is 
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incremenolly enlarged « well « ,hifc«l. The enhrgemem of the area » ^ 

capab-hty. Note, however, that the deadreckoning MBS location estimator is periodically reiet so that the error accumulation in its 
outputs can be decreased. In particular, such ^setting occurs when there is a high probability that the location of the HBS is known 
for example, the dead«.ckoning HBS locatk,„ estimator may be reset when an MBS operator manually enters an NBS location or 
verifies an HBS location, or a computed MBS location has sufficiently high confidence. 

Thus.due to the MBS 148 having less accurate location information (both about itself and a target MS 140). and furtherthat 
deadreckoning information must be utilized in maintaining MBS location estimate, a first embodiment of the MBS location subsystem 
architecture .s somewhat different from the tocation engine 139 architeaure. That is. the archite«u« of this first embodiment is 
s.mpler than that of the architecture of the tocation engine 139. How-ver. it important to note that, at a high level, the architeaure 
of the location engine 139 may also be applied for providing a second embodiment of the MBS location subsystem ISOB. as one skilled 
mtheartwiilappreciateafterreflectingonthearchitecturesandprocessingpcovidedatanMBSNa. For example, an HBS location 

subsystem ISOB architeaure may be provided that has one or mo« first order models 1224 whose output is supplied to ^ 
a blackboard or expea system for resoNng MBS location estimate conflias. such an architeaure being analogous to om= 
embodiment of the tocation engine 139 architeaure. 

furthermore, it is also an important aspea of the present invention that, at a high level, the MBS location subsystem 
arch«eaure may also be applied as an alternative architecture forthe location engine 139. For example, ino. 
location engine 139. each of the first order models 1224 may provide its MS location hypothesis outputs to a corresponding "location 
track." analogous to the MBS location tracks described hereinbetow. and subsequently, a most likely MS cur.nt location estimate 
may be devetoped in a "current location track" (also described hereinbelow) using the most recent location estimates in other 
location tracks. 

further, note that the ideas and methods diKussed here relating to MBS location estimators 1540 and MBS location tracks and 
the related pnjgrams hereinbelow are sufficiently general so that these ,deas and methods may be applied in a number of contexts ' 
related to determining the location of a device capable of movement and wherein the location of the device must be maintained in 
real time, for example, the present ideas and methods may be used by a robot in a very cl«tered environment (e.g.. a warehouse) 
wherein the robot has access: (a) to a plurality of "robot location estimators" that may provide the robot with sporadic location 
information, and (b) to a deadreckoning location estimator. 

Each MBS 148. additionally, has a location display (denoted the MBS operator visual user interface 1558 in Fig II) where area 
maps that may be displayed together with tocation data. In particular. MS location data may be displayed on this display as a nested 
colleaion of areas, each smaller nested area being the nH,st likely area within(any)encompassing a 

Note that the MBS controller algorithm betow may be adapted to receive location center 142 data for displaying the locations of other 
MBSs 148 as well as target MSs 140. 

Funher. the HBS 148 may constrain any location estimates to streets on a street map using the MBS location snap to street 
module 1562. for example, an estimated MBS location not on a street may be "snapped to" a nearest street location. Note that a 
neatest street locationdeterminer may use-normal" orientations of vehicles on streets asaconstraimon the nearest s 
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Particularly, if an MBS 148 is nwving at typical rates of speed and acceleration, and without abrupt changes direction, for example, 
if the deadreckoning MBS location estimator 1544 indicates that the MBS 148 is moving in a noaherly direaion. then the street 
smipped to should be a m)rtb-south running street Moreover, the MBS location snap to street module 1562 may also be used to 
enhance target MS location estimates when, for example, it is known or suspeaed that the target MS 140 is in a vehicle ami the 
vehicle is moving at typical rates of speed, furthermore, the snap to street location module 1562 may also be used in enhancing the 
location of a targe. MS 140 by either the MBS 148 or by the location engine 139. In particular, the tocation estimator 1344 or an 
additbnal module between the location estimator 1344 and the output gateway I3S6 may utilize an embodiment of the snap to street 
location module 1 562 (o enhance the accuracy of target MS 140 tocation estimates that are known to be in vehicles. Note that this 
may be especially useful in locating stolen vehicles that have embedded wirelea toation transceivers (MSs 140). wherein appropriate 
wireless signal measurements an be provided to the tocation center 142. 

MBS Data Struaure Remarks 

Assuming the existence of at least some of the location estimators 1 540 that were memioned above, the discussion here refen 
substantially to the data struaures and their organization as illustrated in Fig. 13. 

The location estimates (or hypotheses) lor an MBS 148 determining its own location each have an error or range estimate 
associated with the MBS location esi,mate. That is. each such MBS location estimate includes a "most likely MBS point location" 
within a "most likely area". The "most likely MBS point location" is assumed herein to be the centroki of the "most likely area " In 
one embodiment of the MBS location subsystem 1508. a nested series of "most likely areas" may be provided about a most likely 
MBS point location. However, to simplify the discussion herein each MBS location estimate is assumed to have a single "most likely 
area". One skilled in the art will understand how to provide such nested "most likely areas" from the description herein. 

Additionally.it isassumed that such-most likely areas- are not grossly oblong; i.e..areacrossseaio„ing lines throug 

of the area do not have large differences in their lengths, for example, for any such "most likely area". A. m, two such cross 

seaioning lines of A may have lengths that vary by more than a faaor of two. 

Each MBS location estimate also has a confidence associated therewith providing a measuremem of the perceived accuracy of 
the HBS being in the "most likely area" of the tocation estimate. 

A(MBS) -location track- is andatastructure{orobject)havingaq„eueofapredetermined length for m^^ 
(timestamp) ordering of "locatton track entries" such as the location trackentries 1770a. 1770b. 1774a. f 774b. 1778a. 1778b. 1782a 

l782b.andl786a(Fig.l3).whereineachs«chMBStocationtrack«ntryisanestimateofthelocatio„oftheMBSataparticula^ 
corresponding time. 

There is an MBS location track for storing MBS location entries obtained from MBS location estimation information from each of 
the MBS baseline tocation estimators described above (i.e. a GPS location track 1750 for storing MBS location estimations obtained 

fn.m the GPS location estimatorlS40.alocationcemertocationtrack 1754 forstoring MBS tocation estimations obtained from th^ 
location estimator 1540 deriving its MBS tocation estimates from the toation center 142. an LBS toation track 1758 for storing MBS 
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location estimations obtained Iron, the location e«in«tor IS40 deriving it, MBS location estimates from base stations 122 and/or 
IS2. and a n,a„ual Iocat»n track 1762 for HBS operator entered MBS locations). Additionally, there is one further location track, 
denoted the -current locatio„trackn766 wlK.se locationtrackentries may be derived from the ent^ 
(described further hereinbebw). further, for each location track, there is a loation track head that is the head of the q.ue for the 

location track-Ihetocationtnckhead is the most recent(and presumably the most accurate)MBSIocat»^ 

loat.on track. Thus, for the GPS tocation track 1750 has location track head 1770; the location center loation tnck I7S4 has 

tocation track head 1774; the lBSIoationt.ckl758 has locatio„trackheadl778.Mhe manual locat^^^ 

head 1782: and the current location track 1766 has Nation track head 1 786. Additionally, for notational convenience for each 

locatton track. Che time series of previous HBS loation estimations (i.e.. location track entries) m the location track will herein be 

denotedthe>thforthe.oca.iont.cL"Suchpathsaretypical.ythelengthofthe.ocationt.ck,ueuecont. 
that the,length of each such queue may be determined using at least the following consideratbns: 

. (i) In certain circumstances (described hereinbelow), the location track entries ate removed from the head of the 
loation track queues so that location adjustments may be made. In such a case, it may be advantageous for the 
length of such queues to be greater than the number of entries that are expected to be removed; 
(ii) In determining an MBS location estimate, it may be desirable in some embodiments to provide lew location 
estimates based on paths assoc«ted with previous MBS location estimates provided in the corresponding location 
track queue. 

Also not. that it is within the scope of the present invention that the location track queue tengths may be a length of one. 
Regarding loation track entries, each location track entry includes: 

(a) a "derived location estimate" for the MBS that is derived using at least one of: 

(i) at least a most recent previous output from an MBS baseline location estimator 1 S40 (i.e., the output being an 
MBS location estimate); 

(ii) deadreckoning output information from the deadreckoning subsystem IS27. 

further note that each output from an MBS loation estimator has a "type" field that is used for Identifying the MBS 
location estimator of the output 

(b) an "earnest timesump" providing the time/date when the earliest MBS tocation information upon which the derived 
loation estimate for the HBS depends. Note this will typially be the timesump of the earliest MBS toation 
estimate (from an HBS baseline location estimator) that supplied MBS location information used in deriving the 
derived location estimate for the MBS 148. 

(c) a "Utest timesump" providing the time/date when the latest MBS location information upon which the derived 
location estimate for the MBS depends. Note that earliest timesump = latest timestamp only for so called 
"baseline entries" as defined hereinbelow. further note that this attribute is the one used for mainuining the 
"temporal (timesump) ordering" of loation track entries. 
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(d) A "deadreckoning distance" indicating the total dinance (e.g.. wheel turns or odometer difference) since the most 
recently previous baseline entry for the corresponding MBS location estimator for the location track to which the 
location track entry is assigned. 

For each MBS location track, there are two categories of MBS location track entries that may be inserted into a MBS location 
track: 

(a) "baseline" entries, wherein each such baseline ent^ includes (depending on the location track) a location estimate 
for the MBS 148<ierived from: (i) a most recent previous output either from a corresponding HB$ baseline location 
estimator, or (ii) from the baseline emries of other location tracks (this latter case being the for the "current" 
loation track); 

(b) "extrapolation" entries, wherein each such entiy includes an MBS loation estimate that has been extrapolated from 
the (most recent) location track head for the location track (i.e.. based on the track head whose "latest tiraestamp" 
immediately precedes the latest timestamp of the extrapolation entry). Each such extrapolation entry is computed 
by using data from a related deadreckoning location change estimate output from the deadreckoning MBS location 
estimator 1544. Each such deadreckoning location change estimate includes measurements related to changes or 
deltas in the location of the MBS 148. More precisely, for each location track, each extrapolation ent7 is determined 
using: (i) a baseline ent^, and (ii) a set of one or more (i.e.. all later occurring) deadreckoning location change 
estimates in increasing "latest timestamp" order. Note that for notational convenience this set of one or more 
deadrectoning location change estimates will be denoted the "deadreckoning location change estimate set" 
associated with the extrapolation entry resulting from this set. 

(c) Note that for each location track head, it is either a baseline entry or an extrapolation entry. Further, for each 
extrapolation entry, there is a most recent baseline entry. 8. that is earlier than the extrapolation entry and it is this 
B from which the extrapolation entry was extrapolated. This earlier baseline entry, 6. is hereinafter denoted the 
"baseline entry associated with the extrapolation entry." More generally, for each location track ent7, T, there is a 
most recent previous baseline entry. B, associated with T, wherein if T is an extrapolation ent^. then B is as defined 
above, else if T is a baseline ent^ itself, then I = B. Accordingly, note that for each extrapolation emiy that is the 
head of a location track, there is a most recent baseline ent^ associated with the extrapolation entry. 

f unher. there are two categories of tocation tracks: 

(a) "baseline location tracks," each having baseline emries exclusively from a single predetermined MBS baseline 
location estimator; and 

(b) a "current" MBS location track having entries that are computed or determined as "most likely" MBS location 
estimates from entries in the other MBS location tracks. 
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MBS Location Estimating Strategy 

In order to be able to properly compare the track heads to determine the most likely MBS location estimate it is an aspea of the 
present invention that the track heads of all location tracks include MBS location estimates that are for subsuntially the same 
(latest) timestamp. However, the MBS location information fmm each MBS baseline tocation estimator is inherently substantially 
unpredictable and unsynchronized. In fact, the only MBS location information that may be considered predicable and controllable is 
the deadreckoning tocation change estimates from the deadreckoning MBS toation estimator IS44 in that these estimates may 
reliably be obtained whenever there is a'query from the location controller I53S for the most recent estimate in the change of the 
location for the MBS 148. Consequently (referring to fig. 13). synchronization records 1790 (having at least a 1790b poaion and in 
some cases also having a 1790a ponion) may be provided for updating each tocation track with a new MBS location estimate as a new 
track head. In particular, each synchronization record includes a deadreckoning location change estimate to be used in updating all 

but at most one of the location track heads withanew MBS locationestimate by usingadeadreckoninglocationchangeesn^ 
con,una,on with each MBS location estimate from an MBS basel.ne location estimator, the location track heads may be synchronized 
accordmg to timestamp. More precisely, for each MBS location estimate. E. from an MBS baseline location estimator, the present 
invention also substantially simultaneously queries the deadreckoning MBS location estimator for a corresponding most recent change 
in the location of the MBS 148. Accordingly. E and the retrieved MBS deadreckoning location change estimate. C. have substantial^ 
the same "latest timestamp". Th.s. the location estimate E may be used to create a new baseline track head for the tocation track 
having the corresponding type for E. and C may be used to create a corresponding extrapolation entry as the head of each of the 
other location tracks. Accordingly, since for each MBS location estimate. E. there is a MBS deadreckoning location change estimate. C. 
having substantially the same "latest timestamp". E and C will be hereinafter referred as "paired." 

High level descriptions of an embodiment of the tocatton funaions performed by an MBS 148 are provided in APPENDIX A 
hereinbetow. 
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APPENDIX A: MBS Function Embodiments 
Mobile Base Station Controller Program 

fnobiie_base_station_controller() 

{ 

waitJorJnput_ofJint_mSJoatio/{(t^my, /• "event" is a reconl (object) with MBS location data ♦/ 
WHILE (no MBS operator input to exit) 00 

CASE OF (event): /* determine the type of "event" and process it. •/ 

MBS LOCATION DATA RECEIVED PROM GPS: 

MBS LOCATION DATA RECEIVED PROM LBS: 

MBS LOCATION DATA RECEIVED PROM ANY OTHER HIGHLY REUABLE MBS LOCATION 
SOURCES (EXCEPT LOCATION CENTER): 

{ 

MBS new est < — get_ new_ MBS_ location_ us/ng_ estimate{vtm); 

I* Mote, whenever a new MBS location estimate is entered as a baseline estimate into the location tracks, the other 

location tracks must be immediately updated with any deadreckoning location change estimates so that all 

location tracks are subsuntially updated at the same time. */ 
deadreck est <-■- get_t]eadreckon'mgJocation_change_estimat({m^\)\ 
MBS_curr est < DETERMINE_MBS_L0CATI0N_ESTIMATE(H6S_new_est. deadreck_est); 
if (HBS_curr_e$t.con(idence > a predetermined high confidence threshold) then 

reset_ deadmkoniBg_ HBS_ locatioa_ estimaai{mn\); 

/• deadreckoning starts over from here. •/ 

/* Send MBS location information to th« Location Center. */ 

if ( MBS has not moved since the last MBS location estimate of this type and is not now moving) then 
{ 

configure the MBS on-board transceiver (e.g, MBS-MS) to immediately transmit location signals to the fixed 
location 8S network as if the MBS were an ordinary location device (MS); 

communicate with the Location Center via the fixed location BS infrastruaure the following: 
(a) a "locate me" signal. 

IIS 
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(b) MBS_curr_«t. 

(c) MBS_new_ejt and 

(d) the timestamp for the present event. 

Additionally, any location signal information between the MBS and the present target MS may be 
trammitted to the Location Center so that this information may also be used by the Location Center to 
provide better estimates of where the MBS is. further, if the MBS determines that ii is immediately adjacent 
to the target MS and also that its own location estimate is highly reliabie (e.g.. a GPS estimate), then the 
MBS may also communicate this information to the Locaion Center so that the Location Center can: (a) 
associate any urget MS location signature cluster data with the fixed base sution infrastruaure with the 
location provided by the MBS. and (b) insert this associated data into the location signature data base of the 
Location Center as a verified cluster of "random loc sigs"; 

/• note, thb transmission preferably continues (i.e.. repeats) for at least a predetermined length of time of 
sufficient length for the Signal Processing Subsystem to collea a sufficient signal characteristic sample size. 
•/ 

} 

else SCHEDULE an event (if none scheduled) to transmit to the Location Center the following: (a) MBS_curr_est. and 
(b) the GPS location of the MBS and the time of the GPS location estimate; 

/* Mow update MBS display with new MBS location; note. MBS operator must request MBS locations 
on the MBS display; if not requested, then the following call does not do an update. • / 

update_ HBS_ operawr_ display_ with_ HBS_ fX({MBS_curr_est); 

} 

SINCE LAST MBS LOCATION UPDATE 

MBS HAS MOVED A THRESHOLD DISTANCE: { 

deadreck_est < — get_ deadrpckoaing_locatm_chaage_ enimate{mni)\ 

I* Obtain from MBS Dead Reckoning location Estimator a new dead reckoning MBS location estimate 
having an estimate as to the MBS tocation change from the tecation of the last MBS location 
provided to the MBS.*/ 

MBS_curr_e$t < DETERMINE_MBS_LOCATION^ESTIMATE(KULL. deadreck_est): 

I* this new MBS estimate will be used in new target MS estimates*/ 
upd3te_ MBS_ displ3y_ with_ updated^ MBS /(W2r/i»/3(MBS_curr_est); 

SCHEDULE an event (if none scheduled) to request new GPS location data for MBS; 
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SCHEDULE an event (if none scheduled) to request communication with Loation Center (LC) related to new MBS 
location data; 

SCHEDULE an event (if none scheduled) to request new LBS location communication between the MBS and any IBS's 
that can detea the fIBS; 

5 /* Note, in some embodiments the processing of MBS location data from LBS's may be performed 

automatically by the Location Center, wherein the Location Center uses signal characteristic data from 
the LBS*s in determining an estimated location of the MBS. ♦/ 
SCHEDULE an event (if none scheduled) to obtain new target MS signal charaaeristics from MS; /* i.e.. may get 
a better target MS location estimate now. •/ 

10 } 

TIMER HAS EXPIRED SINCE LAST RELIABLE TARGET MS LOCATION INFORMATION 
OBTAINED: { 

SCHEDULE an event (if none schedutedj to request location communication with the urget MS, the event is at a very 
higfi priority; 

I^^^ET timer for target MS location communication; /* T7 to get target MS location communication again within a 
predetermined time. Note, timer may dynamically determined according to the perceived velocity of the target 
MS. •/ 

} 

LOCA TION COMMUNICATION FROM TARGET MS RECEIVED: { 

2^ HS_raw_signal_data < — get_MS_s/gnaf_chafaaeris(/c_r3w da(3{zsm)\ 

/* Note, "HS_raw_signaMata" is an objea having subsuntially the unfiltered signal charaacristic 
values for communications between the MBS and the target HS as well as limestamp information. */ 
Construct a message for sending to the Location Center, wherein the message includes at least 

"MS raw signaMata" and *'MBS_corr_est" so that the Location Center can also compute an estimated 
25 location for the target MS; 

SCHEDULE an event (if none scheduled) to request communication with Location Center (LC) for sending the 
construaed meuage; 

/* Mote, this dau does not overwrite any previous data waiting to be sent to the LC. */ 

HS_$ignaMata < — get_ H5_ signal^ characteristic^ data(vim)\ 

/♦ Mote, the MS signal data obtained above is, in one embodiment, "raw" signal data. However, in a 
second embodiment, this data is filtered substantially as in the Location Center by the Signal 
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Procesjing Subsystem, for simplicity of discussion here, it is assumed that each MBS inclutles at least 
a scaled down version of the Signal Processing Subsystem (see f IG. 1 1). •/ 

HS_new_est D£TERM,NB_MS_MOST_RBCENT_EST,MArmi_c^uj,i. MS_curr_est. 

MS^jignaldata); 

r May use fonvard and revene TOA. TOOA. signal power, signal strength, and signal quality 
indicators. Note. -HS_cu,T_esr includes a timestamp of when the urget MS signals were receiy«l 
•/ . 

if (MS_new_est.confid«nce > min_MS_confidence ) then 
{ 

mrk_ MS_ est_as_ /m/w/a/j^MSnewest); 

/• Note, it is assumed that this MS location estimate is "tempora^" in the sense that it will be 
replaced by a corresponding MS location estimate received from the loation Center that is based on 
the same target MS raw signal data. That is. if the location Center responds with a corresponding 
target MS location estimate. E. while -HS_new_esr is a val«i in a "moving wimlow" of target MS 
location estimates (as described hereinbelow). then £ will replace the value of "MS new est". Mote, 
the moving window may dynamically va^ in size according to. for example, a perceived velocity of 
the target MS and/or the MBS. */ 

^'ijnwnytiiAm <.~ get_MS_momg_windoi^iy(my. 

/• get moving window of location estimates for this target MS. • / 

r Since any given single collection of measurements related to locating the target MS may be 
potentially misleading, a "moving window" of location estimates are used to form a "composite 
location estimate" of the target MS. This composite location estimate is based on some number of the 
most recent location estimates determined. Such a composite location estimate may be. for example. 

analogous to a moving average or some other weighting of target MS location estimates. Thus, for 

example, for each tetation estimate (i.e.. at least one MS location area, a most likely single location. 

and. a confidence estimate) a cemroid type calculation may be performed to provide the composite 

location estimate */ 

Ms_curr_est < DmmME_Mjoarioiijsmrmj«^mgj,\^o^y, 

r DETERMINE new target MS location estimate. Note this may an average location or a weighted 
average location. ♦/ 

/P/77<7w_/rf^</tf^(^fW/7n("TARGET_MS_SCHEDUlE".event,MS_ID); 
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/• REMOVE AMY OTHER EVENTS SCHEDULED FOR REQUESTING LOCATION COMMUNICATION FROM 
TARGET MS */ 

} 

ehe /• urgej MS location data received but it ij not deemed to be reliable (e.g^ too much multipath and/or 
inconsistent measurements, so SCHEDULE an event (if none scheduled) to request new location 
communication with the target MS. the event is at a high priority*/ 
add_ to_sdudaled_ ^km/j("TARGET_MS_SCHEOUIE", eventilSJD): 

updaie_ MBS_ openm_ dispby_ witk_ HS_ fX((M$_curr_e$t); 

/• The MBS display may use various colorj to represent nested location areas overlayed on an area map 
wherein, for example. 3 nested areas may be displayed on the map overlay: (a) a largest area having a 
relatively high probability that the target MS is in the area (e.g.. > 9596); (b) a smaller nested area having 
a lower probability that the target MS is in this area (e.g.. >80%): and (c) a smallest area having the 
lowest probability that the target MS is in this area (e.g., >70%). further, a relatively precise specific 
location is provided in the smallest area as the most likely single location of the target MS. Note that in one 
embodimem. the colors for each region may dynamically change to provide an indication as to how high 
their reliability is; e.g, no colored areas shown for reliabilities below, say. 40%; 40-50% is purple; SO-60% 
is blue; 60-70% is green; 70-80% is amben 80-90% is white; and red denotes the most likely single 
location of the target MS. further note the three nested areas may collapse into one or two as the MBS gets 
closer to the target MS. Moreover, note that the collapsing of these different areas may provide operators in 
the MBS with additional visual reassurance that the loation of the target MS is being determined with bener 
accuracy.*/ 

r Now RESET timer for target MS location communication to try to get target MS 

location communication again within a predetermined time. •/ 
nset_ i»J7f/("TARGET_M$_SCH£DULE''. event.MSJD); 

} 

COMMUNICATION OF LOCATION DATA TO MBS FROM LOCATION CENTER: { 

f* Note, target HS location data may be received from the Location Center in the seek state, contaa state and the 
control state. Such data may be received in response to the MBS sending target MS location signal dau to the 
Location Center (as may be the case in the contaa and control states), or such dau may be received from the 
Location Center regardless of any previously received urget MS location sent by the MBS (as may be the case in 
the seek, contaa and control states). */ 
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if ( (tlie timeiump of the latest MBS location data sent to the Location Center) < = (,he timestamp 
returned by this location Center communication identifying the MBS location data used by the loation Center 
for generating the HBS location data of the present event) ) 
then /* use the LC location data since it is more recent than what is currently being used. • / 

{ 

MB$_new_est < — get_ Loation_ Center_ MBS_ ^/(event); 

deadreck_est < — get_ de3(ireckoning_k)C3tion_ ch3Jige_ esr/mte{mM); 

NBS_f urr_est < DETERMINE_MBS_L0CATION_ESTIMATE(MB$_new_esi. deadreck.est) 

if (MBS_curr_est.confidence > a predetermined high confidence threshold) then 

me(_ de3dreckomng_ MBS_ loation_ ejamtoi{mn(y, 
updite_MBS_oper3tor_dapl3y_ with_MBS_ w/(MBS_curr_est): 

} 

if ( (the timestamp of the latest target MS location data sent to the Location Center) < = (the 
timestamp returned by this Location Center communication identifying the MS location data used by the 
Location Center for generating the target MS location estimate of the presem event)) 
then /» use the MS location estimate from the IC since it is more recent than what is currently being used. • / 



{ 



MS_new_est < — get_ Loat'm_ Center_ HS_ eii(m nt); 

/* This information includes error or reliability estimates that may be used in subsequent attempts to 
determine an MBS location estimate when there is no communication with the IC and no exaa (GPS) 
location can be obtained. That is, if the reliability of the urget MS's location is deemed highly reliable, 
then subsequent less reliable location estimates should be used only to the degree that more highly 
reliable estimates become less relevam due to the MBS moving to other locations. • / 

MS_moving_window < — get_ m_ moYiiig_ window(iim)\ 

/* get moving window of location estimates for this target MS. */ 

if ( (the Location Center target MS estimate utilized the MS location signature data supplied by the MBS) then 
if (a corresponding target MS loation estimate marked as "temporary" is still in the moving 
window) 

then 1* It is assumed that this new target MS bcation data is still timely (note the target MS 
may be moving); so replace the temporary estimate with the Location Center estimate. 
*/ 

replace the temporaiy target MS loation t\xmi\t in the moving window with 
**MS_new_est": 
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else /• there b no corresponding "temporary" terget HS loation in the moving window; so 
this MS estimate must be too old; so don't uie it. */ 
else /* the Location Center did not use the MS location data from the MBS even though the timestamp of 
the latest MS location data sent to the Location Center i$ older that the MS location data used by 
the Loation Center to generate the present target MS location estimate. Use the new MS location 
dau anyway. Note there isn*t a corresponding "temporary" target HS location in the moving 
* window. */ 

a</cf_ MS_ estimate_ to_ MS_ loation^ w/«/i;)f(MS_new_est); 

} 

else /* the MS location estimate from the LC is not more recent than the latest MS location data sent to the LC from 
the MBS. */ 

if (a corresponding target MS location estimate marked as "temporary" is still in the moving window) 
then /* It is assumed that this new target MS location data is still timely (note the target MS may be 
moving); so replace the temporary estimate with the location Center estimate. */ 
replace the temporal target MS /7arA7^estimaie in the moving window with "MS^new est"; 
else /♦ there is no corresponding "temporary" target MS location in the moving window; so this MS 
estimate must be too old; so don*t use it. */ 
MS^curr^est DEmNINE_HSJOaTWNJSmAr£(mjnm^iy^^ 
update^ MBS_ operator^ display_ whh_ HS_ ^-x^MScurr^est); 
met_ r//;7^/("LC_C0MMUNICATI0N", event.MSJD); 

} 

NO COMMUNICATION FROM LC:{ 

I* i.€., too long a time has elapsed since last communication from LC */ 
SCHEDULE an event (if none scheduled) to request location data (MBS and/or target MS) from the Location Center, 

the event is at a high priority; 
/pxtfr_r/)37<'LCJOMMUNICATION'',event.MSJD); 

} 

f!£QU£ST TO NO LONGER CONTINUE LOCATING THE PRESENT TARGET MS: { 

if (event not from operator) then 

request MBS operator verification; 

else{ 

REMOVE the current target MS from the list of MSs currently being located and/or tracked; 
SCHEDULE an event (if none scheduled) to send communication to the Location Center that the current target MS 
is no tonger being tracked; 
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PURGE MBS of all data related to current target MS except any exaa location data for the urget MS that haj not 
been lent to the Locatbn Center for archival purposes; 

} 

> 

REQUEST FROM LOCATION CENTER TO ADD ANOTHER TARGET MS TO THE LIST OP MSs 
BEING TRACKED: { 

I* assuming the Location Center sends MBS location data for a new target MS to loate and/or track (e.g.. at 
least a new MS ID and an initial MS location estimate), add this new target MS to the list of MSs to track. Note 
the MBS will typically be or transitioning to in the seek state.*/ 
if (event not from operator) then 

request MBS operator verification; 

ebe{ 

INrriALIZE MBS with data received from the Location Center related to the estimated location of the new target 
MS; /• e.g., initialize a new moving window for this new target MS; initialize MBS operator interiace by 
graphically indicating where the new target MS is estimated to be. •/ 

CONf IGURE MBS to respond to any signals received from the new target MS by requesting location data from the 
new target NS; 

IMITIALIZE timer for communication from IC; /• A timer may be set per target MS on list »/ 

} 

.} 

H^QtfEST TO MANUALLY ENTER A LOCATION ESTIMATE FOR MBS (FROM AN MBS 
OPERATOR): { 

I* Note. MBS could be moving or stationaiy. If stationary, then the estimate for the location of the MBS is given 
high reliability and a small range (e.g.. 20 feet). If the MBS is moving, then the estimate for the location of the 
MBS is given high reliability but a wider range that may be dependent on the speed of the MBS. In both cases, if 
the MBS operator indicates a low confidence in the estimate, then the range is widened, or the operatorcan 
nnnually enter a range.*/ 

MS_new_e$t < - get_ntw_MBS_hcatm_estJrom_ope,atoi{mav, /• The estimate may be obtained, for 

example, using a light pen on a displayed map •/ 
if (operator suppl'ies a confidence indication for the input MBS location estimate) then 

MBS_new_est.confidence < - get_ MBS_ operator^ conrideace_ of_ enimate{vim\, 
else MB$_new_e$t.confidence < - 1; /• This is the highest value for a confidence. ♦/ 
deadreckjjt < get_ deadreckotting_ hation_ change_ estim3te{mm.); 
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MBS_curr_en <--- OETERMINE^MBS_L0CATI0N_ESTIMATE(M8S_new_e«.deadreck_ejt ); 
if (MBS curr eicconfidence > a predetermined high confidence threshold) then 

mef_ deadreckoning_ HBS_ location_ estimato/{viim); 
update_MBS_operator_dispby_with_MBS_est{Vmjim_tit)\ 

/* Note, one reason an MBS operator might provide a manual H8S input is that the MBS might be too inaccurate in 
its location. Moreover, such inaccuracies in the MBS location estimates can cause the target MS to be estimated 
inaccurately, since urget MS signal charaaeristic values may be utilized by the MBS to estimate the location of the 
target MS as an offset from where the MBS is. Thus, if there are target MS estimates in the moving window of 
target MS location estimates that are relatively close to the location represented by -MBS_curr_e$t". then these 
select few MS loation estimates may be updated to reflect a more accurate MBS location estimate. •/ 

MS rnoving window < — gei_liS_nmiag_ windoMfum); 

if (MBS has not moved much since the receipt of some previous target MS location that is still being used to location 
the target MS) 
then 



{ 



UPDATE those target MS location estimates in the moving window according to the new MBS location estimate 
here; 

MS_curr_e$t <---- 27//f/fWiV/ yV_Z^C*WA^£f;7A^^ 
update_ HBS_ operator_ display_ with_ HS_ «/(MS_curr_est); 



} 



} 

} /• end case statement */ 



Lower Level MBS Function Descriptions 

r PROCEDURE: DETERNiNE_NBS_LOCATION_ESTIMATE REMARKS: 

It is assumed that with increasing continuous dead reckoning without additional MBS location verification, the potential 
error in the MBS location increases. 

It is assumed that each MBS location estimate includes: (a) a most fikely area estimate surrounding a central location and (b) a 
confidence value of the MBS being in the location estimate. 
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The confidence value for each HBS location estimate is a ineasun;mem of the likelihood of ihe MBS location estimate 
being correa. More precisely, a confidence value for a new MBS location estimate is a measurement that is adjusted according to the 
following criteria: 

(a) the confidence value increases with the perceived accuracy of the new HBS location estimate (independent of any current 
MBS location estimate used by the HBS), 

(b) the confidence value decreases as the location discrepancy with the current MBS location increases. 

(c) the confidence value for the current MBS location increases when the new location estimate is contained in the current 

location estimate, 

(d) the confidence value for the current MBS location decrease when the new location estimate is not contained in the current 
location estimate, and 

Therefore, the confidence value is an MBS location likelihood measurement which takes into 
account the history of previous MBS location estimates. 

It is assumed that with each MBS location estimate supplied by the Locatran Center there is a default confidence value 
supplied which the MBS may change. 

DETERMINE_MBS_LOCATION_ESTIMATE(MBS^new_est,deadreck_est) 
r Add the pair. "MBS_new_est" and "deadreck_est" to the location tracks and determine a 
new current MBS location estimate. 

Input: MBS_new_est A new MBS baseline location estimate to use in determining the 

location of the MBS, but not a (dead reckoning) location change 
estimate 

deadreck_est The deadreckoning location change estimate paired with 
"MBS_new_est". •/ 

{ 

if (MBS_new_est is not NULL) then /• the "deadreck_est" is paired with "MBS_new_est" •/ 
{ 

if (all MBS location tracb are empty) then 
{ 

insert •'MBS_new_e$t" as the head of the location track of type. •'MBS_new_est.type": 
insert "MBS_new_est" as the head of the current track; /• so now there is a -HBS_curr_est" HBS location 
estimate to use */ 

HBS_curr_est < - gei_ curr_ «*(MBS_new_est.MS_ID); /• from current location track •/ 

} 
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else /• there is at least one non-empty location track in addition to the current location track being non- 
empty'/ 

{ 

if (MBS new est is of type MANUAL__ENTRY) then 

{ /* MBS operator entered an MBS location estimate for the MBS; so must use 
if/ 

MBS_curr_^e$t < — addJocation_entry(MBS_new_e5t.deadrecl(_est); 

} 

else /* "MBS^new^est" is not of type MANUAL_ENTRY */ 

if (the MBS location track of type. "MBS_new_est.type-, is empty) then 
{ /* some other location track is non-empty */ 

MBS^curr est < — add Jocation_entry(riBS_new est, dcadreck est); 

} 

else/* "MBS_new_est.type" location track is non-empty and "MBS^new est" 

is not of type MANOAL_ENTRY */ 
{ /• In the next statement determine if "MBS_new_est" is of at least 

minimal useful quality in comparison to any previous estimates of the 
same type; see program def n below */ 
continue jo_proce$$ new_est FILTER(MBS new^est); 
if (continue jo_proc€SS_new_est) then /* "MBS_new_est" is of sufficient quality to 

continue processing. */ 

{ 

MBS curr est < — add_location_entry(MBS_new_est,d€adreck_est); 
}/* end "MBS new esi" not filtered out */ 
else /* "HBS new cst" is filtered out; do nothing */; 
}/* end else */ 

}/* end else at least one non-empty location track */ 

} 

else /* f1BS_new_est is MULL; thus only a deadreckoning output is to be added to location tracks */ 
{ 

extrapolation entry < — creBte an^exmpoktion^entr/ froni^^^^^ 

insmJnto mryJocBtionjraclim^ /* including the "current location track" */ 

MB$_curr_est < - get_ curr_ ^'xrtMBS new^est.MS^ID); /* from current location track */ 
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} 

RETURN(MBS^curr__e$t); 
} END /• DETERMINE__MBS_.LOCATION_ESTIMATE */ 

5 add Jocation_entry(MBS_new_cst, deadreck_est); 

/• This function adds the baseline entry, "MBS_new_esi" and its paired deadreckoning location change estimate, "deadreck_est" to 
the location tracks, including the "currentJocation track". Note, however, that this funaion will roll back and rearrange tocation 
entries, if necessary, so that the entries are in latest timestamp order. 
Returns: MBScurr^est •/ 

10 { 

if (there is a lime series of one or more dead reckoning extrapolation entries in the location track of type "MBS new est.ty pe" 

wherein the extrapolation entries have a "latest timestamp'* more recent than the timestamp of "MBS new est") then 
{ /* Note, this condition may occur in a number of ways; e.g., (a) an MBS location estimate received from the Location 
Center could be delayed teng enough (e.g., 1-4 sec) because of transmission and processing time; (b) the estimation 
1 5 records output from the MBS baseline location estimators are not guaranteed to be always presented to the location 

tracks in the temporal order they are created. V 
roll back all (any) entries on ail tocation tracks, including the "current" track, in "latest timestamp" descending order, 
until a baseline entry, B, is at the head of a tocation track wherein B is a most recent entry having a "latest 
timestamp" prior to "MBS_new_est"; let "stack" be the stack of a location track entries rolled off the loation 
20 tracks, wherein an entry in the suck is either a baseline tocation entry and a paired deadreckoning tocation change 

estimate, or, an unpaired deadreckoning tocation change estimate associated with a NULL for the baseline location 
entry; 

insen "liBS_new_est" at the head of the tocation track of type "MBS_new_est.type" as a new baseline entry; 
- insert the extrapolation entry derived from "deadreck_e$t" in each of the other baseline location tracks except 
25 the current track; 

/* It is importam to note that "deadreck est" includes the values for the change in the MBS tocation substantially for the 
time period between the timesump, T. of "MS_new_cst" and the timestamp of the closest deadreckoning output just 
before T. further note that if there are any extrapolation entries that were rolled back above, then there /Van 
extrapoiatton entry, E, prevtously in the tocation tracks and wherein E has an eariiest timestamp equal to the latest 
30 timesump of B above. Thus, all the prevtous extrapoiatton entries removed can be put back if E is modified as follows: 

the HBS locatton change vKtor of E (denoted herein as E.delta) becomes E.delta • [locatton change veaor of 
"deadreck_esr].*/ 
MBS curr est UPDATE_CURR_EST(MBS_new est,deadreck_est); 
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if (the exirapolaiion entry £ exists) then /♦ i.e., "suck" is not empty •/ 
{ 

modify the extrapolation entry £ as per the comment above; 

/* now fix things up by putting all the rolled off location entries back, including 
the "current location track" ♦/ 

do until "stack" is empty 
{ 

stack jop J/J6f($tack); 

/♦ ••stack jop" is either a baseline location ent^ and a paired deadreckoning location change 

estimate, or. an unpaired deadreckoning location change estimate associated with a NULL for the 

baseline location entry */ 
HBS nxi est < — fet ^ase/i/te e/rtoi^xz^^jop); 
deadreck_est < — ger__ deadreckoning^ ^/7r/>($tack_top); 

HBS_curf_est DETERMINE^MBS^LOCATI0N^ESTIMATE(MBS^nxi_est, 

deadreck^est); 

} 

} 

} 

else /• there is no deadreckoning extrapolation entriej in the location track of type "MBS_new_ejLtype" wherein the 

extrapolation entries have a "latest timestamp" more recent than the timejamp of "HBS_new_e$t". So jujt insen 
•*MBS_new_est" and "deadreck_est" */ 

{ 

insert "MBS_n«w_est" at the head of the tocation track of type "MBJ_oew_e$Ltype" as a new baseline ent^; 

insert the extrapolation entry derived from "deadreck_est" in each of the other location tracks except the current track; 

MBS_curf_est<-UPDATE_CURR_EST(MB$_new_«st,deadrKk_est):/»seepiogdefnbelowV 

> 

RnURN(MBS_curr_«st); 
} /• end add Jocation_entry •/ 

FILTER(MBS new est) 

r This function determines whether "MBS_new_esf is of sufficient quality to insert into it's 
corresponding MBS location track It is assumed that the location track of 
"MBS_new_e$t.type" is non-empty. 
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Input: MBS_new_est A new MBS location estimate to use in determining the 

location of the MBS. 
Returns: FALSE if "MBS^new^est" was processed here (i.e,, filtered out), 

TRUE if processing with '*MBS_new_est" may be continued . */ 

{ 

continue jo process new est < --TRUE; /* assume "MBS new^est" will be good enough to use as an MBS focation estimate •/ 
/• see if '*MBS_new_est" can filtered out. ♦/ 

if (the confidence in HBS__new_est < a predetermined function of the confidence(s) of previous MBS location estimates of 
typ€ "MBSnewesttype") 

/* e.g., the predetermined funaion here could be any of a number of funaions that provide a minimum threshold on 
what constitutes an acceptable confidence value for cominued processing of '*MBS_new_est". The following is an 
example of one such predetermined funaion: K*(conridence of "MBS_new_est.type" location track head) for 
some K, O < K < = 1 .0, wherein K varies with a relative frequency of estimates of type 
"MBS_new_est.type" not filtered; e.g.., for a given window of previous MBS location estimates of this type, K = 
(number of MBS location estimates of "MBS new est.type" not filtered)/(the total number of estimates of this 
type in the window). Note, such filtering here may be important for known areas where, for example. GPS signals 
may be potentially refleaed from an object (i.e.. multipath), or, the location Center provides an MBS location 
estimate of very low confidence. For simplicity, the embodiment here discards any filtered location estimates. 
However, in an alternative embodiment, any such discarded location estimates may be stored separately so that, 
for example, if no additional better MBS location estimates are received, then the filtered or discarded location 
estimates may be reexamined for possible use in providing a better subsequent MBS location estimate.*/ 

then continue_io_process_new_est <- FALSE; 
else if (an area for "HBS new^est" > a predetermined function of the corresponding area(s) of entries in the location 
' track of type •*MBS_new_est.type") 

/* e.gM the predetermined funaion here could be any of a number of functions that provide a maximum threshold 
on what constitutes an acceptable area siie for continued processing of "MBS ncw est". The following are 
examples of such predetermined functions: (a) the identity function on the area of the head of the location track 
of type "MBS new est.cype"; or, (b) K*(the area of the head of the location track of type 
"MBS_new_e$t^type''). for some K, K> = 1.0. wherein for a given window of previous MBS location estimates of 
this type, K= (the total number of estimates in the window)/ (number of these location estimates not filtered); 
note, each extrapolation entry increases the area of the head; so areas of entries at the head of each location 
track type grow in area as extrapolation entries are applied. */ 

then continue jo_process_new_est < - FALSE; 
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RETURN(continue_to_proces$_new_e$t) 

} 

UPDATE_CURR_EST(MBS_new_est,deadrecl<_est) 

f* This function updates the head of the "current" MBS location track whenever 

"MBS_new_est" is perceived as being a more accurate estimate of the location of the 
MBS. 

Input: MBS_new^e$t A new MBS location estimate to use in determining the location 
of the MBS 

deadreck.est The deadreckoning MBS location change estimate paired with 
••MBS_new_est". 

Returns a potentially updated "MBS_curr_est" •/ 



{ 



if (MBS_new_e$t is of type MANUAL ENTRY) then 

{ /• MBS operator entered an MBS location estimate for the MBS; so must use it •/ 

insert "MBS new est" as the head of the "curent MBS location track" which is the location track indicating the best 
current approximation of the location of the MBS; 

} 

else /'* "MBS_new_est" is not a manual entry */ 
{ 

MBS_curr_est <"-/<'/_ftf/r_ w/(HBS_new_e$t.M$_IO); I* get the head of the "current location track" ♦/ 
adjusted curr est < — ipply_de3dreckoaing_ui{mi_mrj%u deadreck est); 

J* The above (unction returns an object of the same type as "HBS_corr_esf. but with the most likely HBS 
point and area locations adjusted by -deadr«ck_est". Accordingly, this f unaion performs the following 
computations: 

(a) selects. A„bs. the MBS location area estimate of "MBS curr est" (e^., one flf the "most likely" 
nested area(s) provided by -MBS_curr_est" in one embodiment of the present invention): 

(b) applies the deadreckoning translation corresponding to "deadreck est" to A„es to thereby 
translate it (and expand it to at least account for deadreckoning inaccuracies). • / 

\\{nasonatfy_close(m%jneyMjist, adiusted_curr_est, MBS_curr_est)> 

/• In one embodiment, the funaion "reasonably close" here determines whether a most likely MBS point 
location (i.e.. centroid) of "MBS_new_est" is contained in the MBS estimated area of 
"adjustedcurrest" 



129 



PCTA;S97/'iSg92 

Note that the reasoning (or thb connraint u that i ••MBS_curr_est" iia^accunite. then any "most 
likely HBS point loation" of a new MBS baseiine euimate that i$ also aautate ought to be in the MBS 
estimated area of "adjuited corr est" 

In a second embodiment, the (unaion "reasonably.close" determines whether the centroid (or most 
likely MBS point location) of -MBS_new_est" is close enough to "MBS_curr_esf so that no MBS 
movement constraints are (grossly) violated between the most likely point 
locations of "MBS_new_est" and "MBS_curr_cst": i.e.. constraints on (de)a«ele«tio«. 
abruptness of direction change, velocity change, max velocity for the tenain. Note, such constraints are 
discussed in more detail in the seaion herein describing the "Analytical Reasoner". Accordingly, it h an 
aspect of the present invention to provide similar capabilities to that of the Analytical Reasoner as part of the 
MBS. and in panicuiar, as the functionality of the "HBS lOCATIOH CONSTRAINT CHECKER" illustrated in fig. 
1 1. It is assumed hereinafter that the embodiment of the funaion. "reasonably_close". performed here is a 
combination of both the first and second embodiments, wherein the constraints of both the first and second 
embodiments must be satisfied for the function to return TRUE. */ 

if (the confidence in MBS_new_est > = the confidence in MBS_curr_est) then 

if (the most likely MBS area of MBS_new_e$t contains the most likely MBS area of "adjusted_curr_est" as 
computed above) then 

shrink MBS_new_est uniformly about its centroid (i.e.. "most likely HBS point location") until it is 
as small as possible and still contain the MBS estimated area of "adjusied_curr est". 
Msert_intojocation_ track{"(.\ixnnC, MBS new est); 

/• The program invoked here inserts a location track entry corresponding to the second parameter into the 
location track identified by the first parameter (e.g.. -current"), it is imponant to note that the second 
parameter for this program may be eitheft>\ the following data struaures: a "location track entry", or an 
"HBS tocation estimate" and the appropriate location track em^ or emries wilf be put on the location 
track corresponding to the first parameter. The insertion is performed so that a "latest timestamp" order 
is maintained; i.e.. 

(a) any extrapolation emries in the loatioo track, wherein these entries have a more recent 
"latest timesamp" than the ("earliest" or only) timestamp (depending on the data 
structure) of the second parameter are removed, and 
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(b) conceptually at least, (he location change ejtimatej output from the deadreckoning HBS 
loation estimator that correspond with the removed extrapolation entries are then 
reapplied in timesump order to the head of the target location track. • / 

} 

else /• the centroid of "MBS_new_est". is contained in an area of "MB$_corr_est-, but the confidence in 
"MBS_new_est" < confidence in "MBS_eurr_est" •/ 

{ 

nn)ttjikely_est <- determine a "most likely MBS location estimate" using the set $ = {the MBS 

bcation estimate centroid(s) of any MBS location track heads contained in the MBS 
estimated area of '•adjusted_curr_est". plus, the centroid of "MBS new est"}; 
/• Note, in the above statement, the "most likely MBS location estimate" may be determined 
using a number of different techniques depending on what function($) is used to embody the 
meaning of "most likely". In one embodiment, such a "most likely" funaion is a function of 
the confidence values of a predetermined population of measurements (e.g., the seleaed 
location track heads in this case) from which a "most likely" measurement is determined (e.g.. 
computed or seleaed). for example, in one embodiment, a "most likely" function may include 
seleaing a measurement having the maximum confidence value from among the population of 
measurements. In a second embodiment, a "most likely" funaion may include a weighting of 
measurements (e.g.. location track heads) according to corresponding confidence values of the 
measurements. For example, in the present context (of MBS location track heads) the 
following steps provide an embodiment of a "most litely" funaion: 

(a) determine a centroid of area for each of the seleaed track heads (i.e.. the location 
track heads having a point kcation estimate contained in the MBS estimated area of 
"adjostedcurrest"); 

(b) determine the "most likely location MBS positiotT P as a weighted centroid of the 
centroids from step (a), wherein the weighting of each of the centroids from (a) is 
provided by their corresponding confidence values; 

(c) output an area. A,, as the "most likely MBS location are^, wherein the centroid of 
A, is P and A, is the largest area within the MBS estimated area of 

"adjosted curr est" satisfying this condition; and 

(d) set a confidence value for A, as the average confidence value of "MBS new est". 
"MBS curr est" and the seleaed location track head used. •/ 

insert_mtojocation_ f/afA("current". mostjikelyest); 

} 
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else/* "MBS_new_est" is not reasonably close to "adjusted_curr est" (i.e., 

"MBS_curr_est" with "deadreck_est" applied to it), so a connict exists here;e.g.. 
(i) "MBS new esf is not a manual entry, and (ii) "MBS new e jt" does not have its centroid contained in the 
MBS estimated area of ••adju$ted_curr_ejt". or. there has been a movement constraint violation. Note that it is 
5 not advisable to just replace "HBS_curr_e$t" with "new_est_head" because: 

(a) ''MBS_nev^_e$t" may be the MBS location estitnate that is least accurate, while the pteviouj entries 
of the corrent location track have been accurate; 

(b) the "HBS curr est" may be based on a recent MBS operator manual entry which should not be 
overridden. */ 

10 { 

MBS_curr_e$t <- resolve_conflicts(MBS_new_e$t,adjujted_curr_e$t. MBS curr est); 

} /• end else "MBS new est" not a manual ent7 •/ 
if (MBS ij a vehicle) and (not off road) then 
^ ^ I* « " 3""™'' that a vehicular MBS is on-road unless explicitly indicated otherwise by MBS operator. • / 

MBS_curr_ejt <- snap_M_best_rit_met(mijim_tM)- /• snap to best street location according to location 
estinate. velocity, and/or direction of travel. Note, this is a translation of "MBScurr est".*/ 
RETURN(MBS_curr_est) 
> r END OPDATE(MBS_CURR_En) •/ 

20 

resolve_conflicts(MBS_new_est adjusted^curr^est, MBS_curr_est) 
/•There is a basic conflict here, 

(I) "MBS_new_est'' is not a manual entry, and 

(iOone of the following is true: '•MBS_new_est" does not have its centroid contained 
in the area "adjusted_curr_est", or. using "MBS_new_est" implies an MBS 
movement constraint violation. 
Input: MBS_new_est The newest MBS location estimate record. 

adjusted_curr_est The version of '*MBS_curr_est" adjusted by the deadreckoning 

location change estimate paired with ''NBS_new est". 
MB$_curr_cst The location track entry that is the head of the "current" location track. Note 

that "MBS_new_est.confidence" > "MBS_curr_e$t.cofidence". 
Output: An updated "MBS_curr_est". •/ 

{ 
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mark that a conflict has arisen bctv/ecn "MBS_curr_est" and "MBS new est"; 
if (the MBS operator desires notification of NBS location estimate conflicu) then > 

notify the MBS operator of an MBS location estimate conflia: 
if (the MBS operator has configured the MBS location system to ignore new estimates that are not 'Veasonably 
5 close" to adjusted_curr_cst) or 

(MBS_curr_est is based on a manual MBS operator location estimate, and the MBS has moved less 
than a predetermined distance (wheel turns) from where the manual estimate was provided) then 
RETURN(adjusted_curr_est); 
else not required to ignore "MBS_new_est'\ and there has been no recent manual 
10 estimate input*/ 

{ /• try to use "MBS_new_est" */ 

if((MBS_new_est.confidence - adjusted_curr_est.confidence) > a large predetermined 
threshold) then 

/* Note, the confidence discrepancy is great enough so that "MBS^new est" should be the most recent baseline 
15 estimate on current MBS location tract Note that the threshold here may be approximately 0.3, wherein 

confidences are in the range [0, 1] */ 
insert_into_location_ ^wAC'current", MBS_new_est); 

/* insert "MBS new est" into "current" location track (as a baseline entry) in "latest timestamp" orden 
i.e., remove any extrapolation entries with a more recent -latest timesump" in this track, and reapply, 
20 in timestamp order, the location change estimates output from the deadreckoning MBS location 

estimator that correspond with the removed extrapolation entries removed; */ 
else /* "MBS_new_est.confidencc" is not substantially bigger than 

"adju$ted_curr_est.confidence"; so check to see if there are potentially MBS 
location system instabilities ^/ 
25 { /♦ check for instabilities */ 

if [ (there has been more than a determined fraction of conflias between the "MBS curr est" and "MBS new est" 
within a predetermined number of most recent "MBS new^est" instantiations) or 
(the path corresponding to the entries of the "current location track" of the MBS has recently violated MBS 
movement constraints more than a predetermined fraaion of the number of times there has been new 
^0 instantiation of "MBS_curr_est*\ wherein such movement constraints may be (de)acceleration constraints, 

abrupt change in dtreaion constraints, constraints relating to too high a velocity for a terrain) or 
(there has been an MBS operator indiation of lack of confidence in the recently displayed MBS location 
estimates)] 
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then/* the MBS location system is likely unstable and/or inaccurate; check to see if 
this condition has been addressed in the recent past. •/ 
{ /• foe instability •/ 

if (r«_in$ttbility_counter equal to 0) then /• no instabilities have been addressed here 
within the recent past; i.e.. Tix_imt3bility_counter" has the following semantia: if it is 0. 
then no instabilities have been addressed here within the recent past: else if not 0. then a recent 
instability has been attempted to be fixed here. Note. •*fix_instability_coumer" is decremented, if 
not zero, each time a new baseline location ent^ is inserted into its corresponding baseline 
location track Thus, this counter provides a "wait and see" strategy to determine if a previous 
performance of the statements below mitigated the (any) MBS location system instability. */ 



{ 



most jikeiy est < - determine a new "most likely MBS location estimate": [30.1] 

I* Note, a number of MBS location estimates may be generated and compared here for 
determining the "mo$t_likely_e$f. for example, various weighted centroid MBS location 
estimates may be determined by a clustering of location track head entries in various ways. 

In a first embodiment for determining a value (object) for "most_likeiy_e$t". a "most 
likely" funaion may be performed, wherein a weighting of location track heads according to 
their corresponding confidence values is performed, for example, the following steps provide an 
embodiment of a "most likely" function: 

(a) obtain a set S having: (i) a centroid of area for each of the track heads having a 
corresponding area contained in a determined area surrounding the point 
location of "adjusted_curr_est" (e.g.. the MBS estimated area of 
"adjusted curr est"), plus (ii) the centroid of "MBS new est"; 

(b) determine the "most likely locatwn MBS posMoif P as a weighted centroid of 
the ceniroids of the set S from step (a), wherein the weighting of each of the 
centroids from (a) is provided by their corresponding confidence values; 

(c) output an area. A. as the "most likely MBS location ana" wherein A has P as a 
cemroid and A is a "small" area (e.g.. a convex hull) conuining the 
corresponding the cemroids of the set S; and 

(d) set a confidence value for A as the average confidence value of the 
centroids of the set S. 

In a second embodiment, "most jikeiy est" may be determined by expanding (e.g.. 
subsuntiaily uniformly in all dirertions) the MBS location estimate area of "MBS new est" 
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until the resulting expanded area containi at leajt the most likely point location of 
"adjusted curr ejt" as its most likely HB$ tocatioh area. •/ 
/nseft_ into_ locathn_ tracl\\wnKC , mostjikelyest); 
fix_instability_counter < - a predetermined number. C. corresponding to a number of baseline 
entries to be put on the baseline location tracks until HB$ location system instabilities are to be 
addressed again here; /• when this counter goes to lero and the MBS location system is unstable, 
then the above statemenu above will be performed again. Note, this counter must be reset to C (or 
higher) if a manual MBS estimate is entered. •/ 

} 

} /* fix instability •/ 

else I* The MBS location system has been reasonably stable, and 
"MB$_curr_est.confidence" is not substantially bigger than 
"adjusted_new_est.confidence" . •/ 

mosi_likely_est < - determine a most likely MBS kication estimate; 
/• The determination in the sutement above may be similar or substantially the same as the compuution 
discussed in relation to statement [30.1] above. However, since there is both more stability in this case than 
in [30.1] and less confidence in "MBS_new_est". certain MBS movement constraints may be more 
applicable here than in [30.1]. 

Accordingly, note that in any embodiment for determining "roostJikely_esi" here, reasonable 
movement constraints may also be used such as: (a) unless indicated otherwise, an MBS vehicle will be 
assumed to be on a road, (b) a new MBS bcation estimate should not imply that the MBS had to travel 
faster than, for example. 120 mph or change direaion too abruptly or change velocity too abruptly or 
traverse a roadless region (e.g.. corn Treld or river) at an inappropriate rate of speed. 

Thus, once a tentative MBS location euimate (e.g, such as in the steps of the first embodiment of 
[30.1]) for "most_likely_est" has been determined, such constnina may be applied to the tentative 
estimate (or determining whether it should be pulled back toward the centroid of the -MBS_curr_est" in 
order to satbfy the movement constraims*/ 
msenJntoJocMtion_tracU:o,m^\ most Jikely_est): /« note, the second parameter for this 
funaion may be either of the following data structures: a "location track entry", or a "MBS location 
estimate" and the appropriate location track entry or entries will be put on the location track corresponding 
to the first parameter. */ 



I3S 



} r cheek for insubilities •/ 

MBS curr est < — ^{^fff/7^fji(MBS_new_ett.M$ JD): I* from current location track •/ 
} /• try to use "MB$_new_est'' */ 
RETURN(NBS_curr_est) 
} /• END resolve^conflicts •/ 
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APPENDIX B: Pseudo code for a genetic algorithm 

Pseudo code for a genetic algorithm 

Genettc^Algorfthm ('decode, ^fitness Junction, panrn) 

/• This program implements a geretic algorithm for decermining erftciem 

valuesofparameienforaseairhprobiem. The current best values of the parameten are recei^ 
striiduiesuchasanarray. IfnosuchinfornBtionisa^^^^^ 
Thisprogramalsoreceivesasinputapoimfirtoadecodefum^^ 

parameters are represented by bit strings (see genetk algorithm references). The program also recedes a pointer to a Htness function, 
"fitnessJunabns^that provides the genetical^^^^^ 

The program compotes new, improved values of parameters and replaces the old values in the array ' parms," 
*/ 

//assume that each particular appliation will have a specific fitness funrtion and decoding 

// scheme; otherwise, the procedure is the same every time 

//generate the initial populathn 

II generate a random population of bina^ strings containing popsize strings 

fori = I to popsize 

forj = I to string^length 

Jtring(iJ) = random(OJ) 
end bop on j 
end loop on i 

//keep generating new populations until finished 
do until finished 
fori = I to popsize 

//transform the binary strings into par^metersfmm the problem at hand; requires ptvblem 
//specific function 
decode (string(i)) 
//evaluate each string 

evaluate (string(i)) 
end loop on i 

//peribrm reproduction 
reproduce (populationofsirings) 
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//perform crossover 
crossover (population_of_string$) 
//perform mutation 
mutate (population_o(_strings) 
// evaluate the new population 
fori = I topopsize 

//transform the binary strings into parameters 

//from the problem at fsand; requires problem 

//specific function 
decode (string(i)) 

//evaluate the fitness of each string 

evaluate (string(ij)) 
end loop on i 

if finished then report hew resuhs to the calling routine 
else go back to tip of do-until loop 
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APPENDIX C: Location Database Maintenance Programs 



DATA BASE PROGRAMS FOR MAINTAINING THE LOCATION SIGNATURE DATA BASE 

In the algorithms below, external parameter values needed are underlined . Note that in one embodiment of the present 
invention, such parameters may be adaptivety tuned using, for example, a genetic algorithm. 

EXTERNALLY INVOCABLE PROGRAMS: 

Update_Loc_Sig_DB(new_loc_obj, selection_criteria, loc_sig_pop) 

/* This program updates loc sigs in the Location Signature data base. That is, this program updates, for example, at least 
the location information for verified random loc sigs residing in this data base. Note that the steps herein are also 
provided in flowchart form in Fig. 17a through FIG. i7C 

Introductory Information Related to the Function, "Update Loc Sig DB^ 

The general strategy here is to use information (i.e., ^'new^loc^obj**) received from a newly verified location 
(that may not yet be entered into the Location Signature data base) to assist in determining if the previously stored 
random verified loc sigs are still reasonably valid to use for: 

(29.1) estimating a location for a given colleaion (i.e., "bag") of wireless (e.g.* CDMA) location related signal 

characteristics received from an HS, 

(29.2) training (lor example) adaptive location estimaton (and location hypothesizing models), and 

(293) comparing with wireless signal charaaeristics used in generating an MS location hypothesis by one of the MS 
location hypothesizing models (denoted first Order Models, or. fOMs). 
More precisely, since it is assumed that it is more likely that the newest location information obtained is more indicative of 
the wireless (CDMA) signal charaaeristics within some area surrounding a newly verified location than the verified loc sigs 
(location signatures) previously entered into the Location Signature D6, such verified loc sigs are compared for signal 
charaaeristic consistency with the newly verified location information (objea) input here for determining whether some of 
these "older** data base verified loc sigs still appropriately charaaerize their associated location. 

In partkular, comparisons are iterat'tvely made here between each (target) loc sig "near** **new_loc_obj" and a 
population of loc sigs in the location signature data base (such population typically including the loc sig for 
**newJoc_obj) for: 
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(29.4) adjuHing a confidence factor ol the target loc lig. Note that each ,uch confidence faaor is in the ^nge (0. 1} 
with 0 being the lowest and I being the highest. Further note that a confidence faaor here can be raised as 
well as lowered depending on how well the target loc sig matches or is consistent with the population of loc 
sigs to which it is compared. Thus, the confidence in any particular verified loc sig. LS. can fluauate with 
successive invocations of this program if the input to the successive invocations are with location information 
geographically "near" IS. 

(29i) remove older verified loc sigs from use whose confidence value is below a predetermim^d threshold. Note, it b 
intended that such predetermined thresholds be substantially automatically adjustable by periodically testing 
various confidence factor thresholds in a specified geogQphic area to determine how well the eligible data 
base loc sigs (for different thresholds) perform in agreeing with a number of verified loc sig, in a "loc sig 
test-bed". wherein the test bed may be composed of. for example, repeatable loc sigs and recent ramlom 
verified loc xigs. 

Note that this program may be imroked with a (verified/known) random and/or repeauble loc sig as input 
Furthermore, the target toe sigs to be updated may be seleaed from a particular group of loc sigs such as the random loc 
s.gs or the repeatable loc sigs. such seleaion being determined according to the input parameter. ••seleaion_criteria" 
whilethecomparisonpopulationmaybedesignatedwiththeinputparameter. 'loc sig pop". For exampMo update 
confidence facton of certain random loc sigs near "newjoc.obj". «seleaion_criteria" may be g^en a value indicating 
"USEJAHDONJOCJIGS-.and ••loc_sig_pop" may be given a value indicating. "USE REPEATABLE LOCJIGS". 
Thus, if in a given geographic area, the repeatable loc sigs (from. e.g.. stationary transceivers) in the area have'reccntly 
been updated, then by successively providing "new Joc_obj" with a loc sig for each of these repeatable loc sig, the 
stored random loc sigs can have their confidences adjusted. 

Alternatively, in one embodiment of the present invention, the present funaion may be used for determining 
when it is desirable to update repeatable loc sigs in a paaicular area (instead of automatically and periodically updating 
such repeatable loc sigs). For example, by adjusting the confidence facton on repeatable loc sigs here provides a method 
for determining when repeatable loc sigs for a given area should be updated. That is. for example, when the area's average 
confidence factor for the repeatable loc sigs drops below a given (potenfally high) threshold, then the HSs that pt^vide the 
repeatable loc sigs can be requested to respond with new loc sigs for updating the OB. Note, however, that the approach 
poisented m this function assumes that the repeatable location information in the 08 is mainuined with high confidence 
by. for example, frequent OB updating. Thus, the random verified OB kKation information may be effeaively compar«f 
against the repeatable loc sigs in an ana. 
INPUT: 

new Joe_ob,-: a data representation at least including a loc sig for an associated location about which location 
Signature loc sigs are to have their confidences updated. 
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selection_criteria: adata npresentatiofi designating the loc $ig$ to be seleaed to have their confidencej 
updated (may be defaulted). The following groups of loc jigs may be selected: "USE^RANDOM LOC^SIGS" (this 
1$ the default), USE__REPEATABLE_L0CJI6$", "USE JLL^LOC JIGS^ Note that each of these seleaions has 
values for the following values associated with it (although the values may be defaulted): 

(a) a confidence reduaion (actor for reducing loc sig confidences, 

(b) a big error threshold for determining the errors above which are considered too big to ignore, 

(c) a confidence /mcrease factor for increasing loc sig confidences, 

(d) a small error threshold for determining the errors below which are considered too small (i.e.. good) to 
ignore. 

(e) a recent time for specifying a time period for indicating the loc sigs here considered to be "recent". 
Joc^sig^pop: a data representation of the type of loc sig population to which the loc sigs to be updated are 

compared. The following values may be provided: 

(a) "USE ALL IOC SIGS IN DB", 

(b) "USE ONLY REPEATABLE LOC SIGS** (this is the defauh), 

(c) "USE ONLY LOC SIGS WITH SIMIUR TIME Of DAY" 

However, environmental charaaeristics such as: weather, traffic, season are also contemplated. */ 
Make sure ''new Joc^obr is in Location DB. V 
if (NOT new_loc_obj.in_DB ) then this location objea is not in the location Signature DB; note this can be determined by 

comparing the location and times/datestamp with DB entries */ 
DB_ men_ new_ loc_ sjg_ fy7/wj{n€w Joc^obj); // stores loc sigs in Location Signature DB 
/* Determine a geograpttical area surrounding tite location associated witif 
'*newJoc_obr for adjusting tite confidence factors of loc sigs having associated 
locations in this area. */ 

DB_search_areal < ger_conrtdence_adjust_sear€h_area_for_DB_randomJoc_si^^^ 
/*get the loc sigs to have their confidence factors adjusted. */ 
DB^toc sigs < — get_aU_DBJoc_sigsJoi(\^%jmAjiml seleaion criteria); 

nearby Joc sig bag < - get loc sigs from "OB Joc sigs" wherein for each loc sig the distance between the location associated 
whh "new loc obj Jocation" and the verified loation for the ioc sig is closer than, for example, some 
standard deviation (such as the second standard deviation) of these distances for all loc sigs in 
"DBJoc^sigs"; 

For each "loc sig" having its confidence factor adjusted do V 
for each loc_sig[i] in nearby Joc_$ig_bag do //determine a confidence for these random loc sigs 
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{ 

/* Determine a search area surrounding die location associated with "loc 
sig" V 

foe < ™ get_ veriM_ ^rar/i?/j(loc_jig[i]); 
5 /• Determine the error corresponding to how well "loc sig" fits widi die 

portion of the inputted type of loc sig population that is also in the search 
area, */ 

B$ <-/p/_AJ(loc_sigfi]); 

mark_3s_umccessablfi)a^J\l{%, /* mark "loc_iig(i]" in the Location Signature DB jo that it isn't retrieved. */ 
.•0B_jearch_area2 <-•• get_confJdence_adjm_searcJi_3na_for_DBJoc_iigi(\ti\!^^^ 

I* Get search area about "rand_loc". Typically, the "n€w_k)c_obj'' would be in this search area •/ 
loc sig bag < — create_loc_sig_ba^\a<. J\i}^]); I* c«>te a tec sig bag having a single loc sig. "loc sigp]"*/ 
output criteria < -- get criteria to input to "Oetermine Location Signature Fit Jrrors" indicating that the function 
should generate error records in the returned *'error_rec_bag" only for the single loc sig in 
"loc_sig_l)ag". That is. the output criteria is: "OUTPUT ERROR RECS FOR INPUT LOC SIGS 
ONir. 

error rec bagp] < ~ Determine_Location_Signature_F}t_Errors(loc.loation, loc sig bag. 

0B_search_area2. loc_sig_pop, outputcriteria); 
mmrk_makmg_accembte(\w ji{([)\ I* va^mxV. *'loc_sig(i]" in the Location Signature DB so that it can now be 
20 retrieved. */ 

} 

/* Reduce confidence factors of loc sigs: (a) that are nearby to the location 
associated with "newjoc^ob/", (b) that have big errors, and (c) diat have not 
been recendy updated/acquired. */ 

25 error_rec Mt <— /BB^w/^£w«7i7_fl^error_rec_bag[i] forall i); 

I* Now modify confidences of loc sigs in DB and delete loc sigs with very low confidences */ 
reduce_bad_OBJoc_sigs(nearbyJoc_sig_bag.error_rec_$et.selection_criteria.big_error_threshold. 

selection_criteria.conndence_/eduction_faaor,seleaion_criteria.recent_time); 
/* Increase confidence factors of loc sigs: (a) that are nearby to the location 

30 associated with "newjoc^obf, (b) that have small errors, and(c) diathave not 
been recendy updated/acquired. */ 
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increase_confidcnce_of_good_DB_loc_sigs(nearby_loc_sig_bag,error_rcc_$et, 

jeleaioncriteria^mallerrorthreshold. 

seleaion_criteria.conridence_increa$e_factor, 

seleaion_criteria.recent_time): 

END OF Update_Loc_Sig_DB 



DB_Loc_Sjg_Error_Fit{MS_loc_est, DB_search_area, measured Joc_$ig_bag, search_criteria) 

/• This function determines how well the colleaion of loc sigs in "meaxured_loc_sig_bag" fit with the loc sigs in the 
loation signature data base wherein the data base loc sigs must satisfy the criteria of the input parameter "search criteria- 
and are relatively close to the MS location estimate of the location hypothesis. **hypothesis". Thus, in one embodiment of the 
present invention, the present funaion may be invoked by, for example, the confidence adjuster module to adjust the 
confidence of a location liypothesis. 
Input: hypothesis: MS location hypothesis; 

measured_loc_sig_bag: A collertion of measured location signatures ("loc sigs" for shon) obtained from 
the MS (the data structure here is an aggregation such as an array or list). Note, it is assumed that there is at 
most one loc sig here per Base Station in this colleaion. Additionally, note that the input data struaure here 
may be a location signature cluster such as the "locjig^cluster" field of a location hypothesis (cf. fig. 9). 
Note that variations in input data structures may be accepted here by utilization of flag or tag bits as one 
skilled in the art will appreciate: 
search^critcria: The criteria for searching the verified location signature data base (or various categories of 
loc sigs. The only limitation on the types of categories that may be provided here is that, to be useful, each 
category should have meaningful number of loc sigs in the location signature data base. The following 
categories included here are illustrative, but others are contemplated: 

(a) "USE ALL LOC SIGS IN OB" (the default), 

(b) -USE ONLY REPEATABLE LOC SIGS^ 

(c) -*USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY". 

Further categories of loc sigs ctose to the MS estimate of -hypothesis" contemplated are: all loc sigs for the 
same season and same time of day, all loc sigs during a specific weather condition (e.g„ snowing) and at the 
same time of day, as well as other limitations for other environmenul conditions such as traffic panerns. 
Note, if this parameter is NIL, then (a) is assumed. 
Returns: An error objea (data type: "error object") having: (a) an "error" field with a measurement of the error in the fit 
of the location signatures from the MS with verified location signatures in the Location Signature data base; and 
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(b) a "confidence" field with a value indicating the perceived confidence that is to be giv«n to the "error" value 
*/ 

iffsearchcriteria" is NIL) then 

learch criteiia < --- "USE All IOC SI6S IN DB"; 
r determine a collection of error records wherein there is an error record for 
each BS that is associated with a loc sig in "nieasureJoc__sig_bag" and for each BS 
associated with a loc sig in a geographical area surrounding the hypothesis's 
location. */ 

output_criteria <- "OUTPUT AIL POSSIBLE ERROR RECS"; 

r The program invoked in the following statement is described in the location signature data base seaion. •/ 

error_rec_bag < - Determine_Locadon_Signature_Fit_Errors{HSJoc_est. measured Joc_sig_bag. 

DB_$earch_area. searchcriteria. output_criteria); 
/• Note. ••error_rec_bag" has "error_recr for each BS having a loc sig in "DB_search_area" as welt as each BS having 
a loc sig in "measured_loc_sig_bag". •/ 

/* determine which error records to ignore */ 

BS_erron_toJgnon!_bag ^Jf/n»A_/pa_w_/^«,/P(DB_search_area.error_rec_bag.); 

r Our general strategy is that with enough BSs having: (a) loc sigs with the target MS. and (b) also having verified 
locations within an area about the MS loation -HS_loc_est". some relatively large errors can be tolerated or ignored, for 
example, if the MS location estinute. "MSJoc.esf. here is indeed an accurate estimate of the MS's location and if an 
mz surrounding "HSJoc_esf' has relatively homogeneous environmental charaaeristics and the area has an adequate 
number of verified location signature clusters m the location signature data base, then there will be presumably enough 
comparisons between the measured MS loc sigs of "measuredjoc.sigjag" and the estimated loc sigs. based on verified 
MS locations in the DB (as determined in "Determine_Location_Signature_f itjrrors"). for providing "error_rec_bag" 
with enough small errors that these small errors provide adequate evidence for "MS_loc_est" being accurate. 
Accordingly, it is believed that, in most implementations of the pn^sent invention, only a 
relatively small number of loc_sig comparisons need have small errors for there to be 
consistency between the loc sigs of "measured_loc_,sig_bag" and the verified loc sigs in 
the location signature data base. That is, a few large errors are assumed, in general, to 
be less indicative of the MS location hypothesis being incorrect than small errors are 
indicative of accurate MS locations. Thus, if ther* were ten measured and estimated loc sig pairs, each 
associated with a different BS. then if four pairs have small errors, then that might be enough to have high confidence in 
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the H$ location hypothejij. However, note that this determination could depend on the typej of base stations; e.g... if five 
full-service base stations had measured and verified loc sigs that match reasonably well but five location B$$ in the search 
area are not detected by the MS (i.e.. the measuredjocsigbag has no loc sigs lor these location BSs). then the 
confidence is lowered by the mismatches. 

Thus, for example, the largest x% of the errors in "error_rec_bag" may be ignored. Note, that "x" may be: (a) 
a system parameter that is tunable using, for example, a genetic algorithm: and (b) "x" may be tuned separately for each 
different set of environmental chaaaeristics that appear most important to accurately accessing discrepancies or errors 
between loc sigs. Thus, for a first set of environmental characteristics corresponding to: rural, flat terrain, summer. 8 PM 
and dear weather, it may be the case that no loc sig errors are ignored. Whereas, for a second set of environmental 
charaaerisiits corresponding to: dense urban, hilly, fall. 8 PM, heavy traffic, and snowing, all but the three smallest errors 
may be ignored. */ 

/* determine (and return) error object based on the remaining error records */ 

errDr_obj.measmt <— 0; // initializations 
error_obj.confidence <— 0; 
15 for each error_rec[i] in (error_rec_bag - BS_errors_to_ignore_bag) do 
{ 

error obj.measmt <™error_obj.measmt + (error_rec[i]jrror); 

error obj-confidence <— error_obj.confidence + (error_rec[i].confidence); 

} 

20 error_obj.measmt < - error_obj.measmt / $IZEOF(error_rec_bag - BS errorsjo ignore bag); 

error_obj\confidence < — error objxonfidence /SIZEOr(error_rec_bag - BS errorsjo ignore bag); 

RETURN(error_obj); 

ENDOF DB_Loc_Sig_Error_Fit 



25 INTERNAL PROGRAMS: 

reduce_bad_DB_loc_sigs(loc_sig_bag . error_rec_set, big_error_threshold 

confidence_reduction_factor, recent_time) 

r This program reduces the confidence of verified DB loc sigs that are (seemingly) no longer accurate (i.e.. in agreement with 
comparable loc sigs in the OB). If the confidence is reduced low enough, theft such loc sigs are removed from the OB. Further, if for a 
OB verified location entity (referencing a collection of loc sigs for the same loation and lime), this entity no longer references any 
valid loc sigs, then it is also removed from the location signature dau base 1320. .Note that the steps herein are also provided in 
flowchart form in Figs. 18a through 18b. 
Inputs: 

MS 
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Ioc_5ig_bag: The loc sigs to be tested for determining if their confidences should be lowered and/or these loc sigs 
removed. 

error_rec_set: The set of "error_rec$" providing information ax to how much each loc sig in "loc sig bag" 
disagrees with comparable loc sigs in the OB. That is. then is an **error re^here for each loc sig in 
5 loc Sf£ bag\ 

big^error^threshold: The error threshold above which the errors are considered too big to ignore. 
confidence_reduction_faetor The faaor by which to reduce the confidence of loc sigs. 
recent^time: Time period beyond which loc sigs are no longer considered recent. 
{ /^get loc sigs from the Location DB leaving bot/f big absolute and relative errors 
10 (in comparison to other DB nearby loc sigs) */ 

rclatively_big_errors_^bag < get **error_recs" in "error rec jet" wherein each *'error jeccrror" has a size larger than, for 

example, the second standard deviation from the mean (average) of such errors; 
big_errors_bag < — get "error^recs" in "reiativeiy_big_crrors Jag" wherein each -error^recerror** has a value larger than 
"big_error_threshold"; 

1 5 DB Jocsigswjigerrors < get the loc sigs for "errorrecs" in "big errors Jag" wherein each loc sig gotten here is 

identined by "errorreclocsig jd"; 
/*get loc sigs from the Location DB that have been recently added or updated '/ 

recent Joc_sigs < — get_recemJoc_sig^\(iiJ\iJzi, recent time); /* Note, the function. "get_recent Joe jigs" can have 
various embodiments, including determining the recent location signatures by comparing their time stamps (or other time 
20 related measurements) with one or more threshold values for classifying location signatures into a "recent" category 

returned here and an a catego^ for "old" or updatable location signatures. Note that these categories can be determined 
by a (tunable) system time threshold parameter(s) for determining a value for the variable, "recent jime", and/or, by 
data driving this categorization by, e.g., classifying the location signatures according to a standard deviation, such as 
defining the "recent" category as those location signatures more recent than a second standard deviation of the 
25 timestamps of the location signatures in •'loc sig bag". */ 

/* subtract the recent loc sigs from the loc sigs with big errors to get the bad ones 
V 

bad JB_loc jigs <— (big jrrorJB^Ioc jigs) - (recent Joe jigs); 
/* lower the confidence of the bad loc sigs V 
30 for each loc jig[i] in bad DB Joe jigs do 

loc sig[i] .confidence <™ (locjig[i] .confidence) * (confidence reduaion faaor); 
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/* for each badlocsig, update it in titeDB or remove it from use if its confidence 
is too low */ 

r Now delete any loc sigs from the DB whose confidences have become too tow. •/ 
for each loc_sig[i] in bad_OBJoc_$igjdo 

if {toc_sig[i].confidence < min tec sig conndenw) then 

{ 

/* update composite location objects to reflect a removal of a referenced loc 
sig'l 

verified_loc_entity < - ntrieve_ composite_ locatm_ entity_ /3i'/i;^loc_$ig[i]); 

/• Thij gets all other (if any) loc sig$ for the composite location objea that were verified at the same time as 
"'loc_$ig[i]". Note, these other loc sigs may not need to be deleted (i.e.. their signal charaaeristics may have a 
high confidence): however, it must be noted in the OB. that for the DB composite location entity having 
"loc_sig[i]-. this entity is no longer complete. Thus, this entity may not be useful as. e.g.. neural net tiaining 
daa*/ 

mark •'verified_loc_emity" as incomplete but keep track that a loc sig did exist for the BS associated with "loc_sigti]": 
if (-verified Joc_entity" now references no tec sigs) then ^/yW// /i?^7yy_«r/(verified_loc_entity); 

else DB_ update_ ^y7/>7<loc_$ig{i]); // with its new confidence 
} ENDOF reduce_bad_OBJoc_sigs 

increase^confi<ience_of_goocJ_DBJoc_slgs(nearbyJoc_sig_bag.error_rec_set, 
small_error_threshold. confidencejncreascjactor, recent_time); 

/• This program increases the confidence of verified DB tec sigs that are (seemingly) of higher accuracy (i.e. in agreement Jith 
comparable loc sigs in the 08). Note that the steps herein are also pnwided in flowchart form in figs. 19a through 19b. 
Inputs: 

'o«_W£_bag: The tec sigs to be tested for determining if their confidences should be increased. 
error_rec_set: The set of "error_recs" providing information as to how much each loc sig in "loc sig bag" 

disagrees with comparable loc sigs in the DB. That is. thenisan -error r,rhenfor,2chlor« ^in 

"loc sig bie". 

small_error_thre$hold: The error threshold below whkh the erron are considered too small to ignore, 
confidence Jncreasejactor The factor by which to increase the confidence of loc sigs. 
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recent_time: Time period beyond which loc sigjare no longer considered recent. 
/*get loc sigs from the Location DB having both small absolute and relative errors 
(in comparison to other DB nearby loc sigs) */ 

relatively_sn,all_errors_bag <- get "error.recs" in "error.rec.set" wherein each "error_,ec.error- hasa si» smaller than, for 

example, the second stendard deviation from the mean (average) of such eriDn; 
small_erron_bag < - get -error_recs" in "relatively_sman_ern,rs_bag" wherein each "error_rec.error" has a si« smaller than 
"smallerrorthreshoW"; 

0B_loc_sigs_w_5malLerrors < - get the loc sigs for "error.r^s" in -small_errors_bag" wherein each loc sig gotten here is 

identified by "error_rec.loc_sig_id"; 
/*get loc sigs from the Location DB that have been recently added or updated */ 

fecentJoc_$igj <-/?/_/if«/?r_/(7f_///j(loc_jig_bag. rec€nt_time); 

/* subtract the recent loc sigs from the loc sigs with small errors to get the good 
ones */ 

good_DBJoc_$igs <- ($mall_error_DB_loc_Mg$) - (recent_loc_$ig$}: 
/• for each good loc sig, update its confidence */ 
for each loc_sigft] in good_DB Joc_$igj do 
{ 

loc_sig[i].confidencc <- (ioc_5ig[iJ.confidence) * (conr.dence_increaie_factor); 
if (loc_$ig[i].conlidencc > 1.0) then loc_sig[i] < — 1.0; 

} 

ENDOF increase_good_DBJoc_sigs 

DATA BASE PROGRAMS FOR DETERMINING THE CONSISTENCY OF LOCATION 
HYPOTHESES WITH VERIFIED LOCATION INFORMATION IN THE LOCATION 
SIGNATURE DATA BASE 

LOW LEVEL DATA BASE PROGRAMS FOR LOCATION SIGNATURE DATA BASE 

/• The following program compares: (al) loc sigs that are contained in (or derived from) the loc sigs in "target_loc_sig_bag" with 
(bl) loc sigs computed from verified loc sigs in the location signature dau base. That is. each loc sig from (al) \ compared with a 
cormponding loc sig from (bl) to obtain a measurement of the discrepancy between the two loc sigs. In particular, assuming each of 
the loc sigs for ••target_loc_jig_bag- correspond to the same target MS location, wherein this location is "target_loc". this progtam 
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determines how well the loc sig$ in ••urgei_loc_jig^bag'' fit with a computed or estimated loc sig for the location. "target_loc" 
that is derived from the verified loc ligs in the location signature dau base. Thus, this program may be used: (a2) for determining 
how well the loc sigs in the location signature cluster for a target MS (-target_loc_sig_bag*') compares with loc sigs derived from 
veriffcd tecation signatures in the location signature data base, and (b2) for determining how consistent a given colleaion of loc sigs 
("target Joc sig bag*') from the location signature data base is with other loc sigs in the location signature data base. Note that in 
(b2) each of the one or more loc sigs in -Urget^loc_sig_bag" have an error computed here that can be used in determining if the 
loc sig is becoming inapplicable for predicting target HS locations Note that the steps herein are also provided in flowchart form in 
figs- 20a through 20d.*/ 

Determine_LocationJignature_Fit_Errors(targetJoc, target Joc^sig^bag, 
search_area, search_criteria, output_criteria) 
/* Input: target Joe: An HS location or a location hypothesis for a particular HS. Note, this can he any of the 
following: 

(a) An MS location hypothesis, in which case, the loc sigs in "targ€t_ioc_sig_bag" 
are included in a location signature cluster from which this location hypothesis was 
derived. Note that if this location is inaccurate, then "target Joc_sig_bag** is unlikely to 
be similar to the comparable loc sigs derived from the loc sigs of the location signature 
data base close "target_ioc"; or 

(b) A previously veriffett MS location, in which case, the loc sigs of 
"target^loc sig bag" are previously verified loc sigs. However, these loc sigs may or 

2^ may not be accurate now. 

target Joc_sig_bag: Heasured location signatures ("toe sigs" for short) obtained from the particular HS 
(the data structure here, bag, is an aggregation such as array or list). The location signatures here may be 
verified or unverified. However, it is assumed that there is at least one loc sig in the 
bag. Further, it is assumed that there is at most one loc sig per Base 

2^ Station. It is also assumed that the present parameter includes a ''type " 

Field indicating whether the loc sigs here have been individually selected, or, 
whether this parameter references an entire (verified) loc sig cluster; i.e., 
the type field may have a value of: 'UNVERIFIED LOC SIG CLUSTER'' or 
'VERIFIED LOC SIG CLUSTER"; 
scarch^area: The representation of the geographic area surrounding "target loc". This parameter is used 
for searching the Location Signature data base for verified loc sigs that correspond geographically to the 
location of an HS in "search area"; 
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searcl,_criteria: The criteria used in searching .he locacion signature data base. The criteria may include 
the following: 

(a) "USEAlLLOCSIGSIN OB", 

(b) -USE ONLY REPEATABLELOCSIGS". 

(c) "USE ONLY IOC SIGS WITH SIMIUR TIME OF DAY". 

However, environmental charaaeristics such as: weather, traffic, season are also contempbted. 
output_criteria: The criteria used in determining the error records to output in "error.rec". The criteria 
here may include one of: 

(a) "OUTPUT ALL POSSIBLE ERROR RECS"; 

(b) "OUTPUT ERROR_R£CS fOR INPUT LOC SIGS ONLY". 

Returns:error_rec:Abagoferrorrecordsorobjectsprovidinganindicatio„ofthesimiUritybetwee^ 

targetJoc_s,g>g"a„danestimatedtocsigcompatedfor"targetJoc"fromstoredlocsigsi„asurrouoding 
ar^aof "targetjoc". Thus, each error record/objea in "error_rec" provkles a measurement of how well a loc sig 
O-e.. w.reless srgnal charaaerbtics) in "targe,Joc_sig_bag" (for an associated BS and the MS at "target loc") 
correlates w,th an estimated loc sig between this BS and MS. Note that the estimated loc sigs are determined using 
venfied location signatures in the Location Signature DB. Note, each error record in "error rec" includes- (a) a BS 
10 md^anng the base station to which the error record corresponds: and (b) an error measurement ( > = 0) and 
(0 a confidence value (in (0. 1]) i^licating the confidence to be pbced in the error measurement. Also note that 
smce "error.rec" is an aggregate data type (wh^h for many aggregate identifiers in this specifotion are denoted by 
the suffix "_bag" on the identifier), it can ^ any one of a number data types even though it's members are accessed 
hereinbelow using array notation. */ 

/'get BS's associated with DB loc sigs in "seardi_ area " that satisfy 
"search_critetia" */ 

OBJoc_sig_bag < - retrieve_ verffkdJoc_sigs{v,zraimi, search_criteria): 

//get all verified appropriate location signatures residing in the Location Signature data base. 

// Note, some loc sigs may be blocked from being retrieved. 
DB_BS_bag < - ger_ ^/j(DB_loc_sig_bag): // get all base stations associated with at least one location 

// signature in OBJocjigJag. Note, some of these BSs may be low power "location 

//B$s". 

/•get BS's associated with loc sigs in "targetJoc_sig_bag" */ 

targetJSJag < - get_ ^J-j(urge._loc_sig_bag); // get all base stations associated with at least one 
// location signature in "target_loc_sig bag". 

/'determine the BS's for which error records are to be computed V 
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case of "outpui_crittria" including: 

"OUTPUT ALL POSSIBLE ERROR_RECS": /• In this ta«. it ij desired to determine a collection or error records wherein there is 
an error record for each BS that is associated with a loc sig in "target_loc_$ig_bag" and for each BS associated 
with a loc in the "search arca" satisfying "search_criteria". •/ 

BS bag <- (DB_BS_bag) union (target_BS_bag): 

"OUTPUT £RROR_RECS FOR INPUT lOCSIGS ONLY": 

BS bag <— target BSJag: 

endase;" 

/• for each BS to have an error record computed, make sure there are two loc sigs 
to compare: one loc sig derived from the "BS_bag" loc sig data, and one from 
derived from the loc sigs in the Location Signature DB, wherein both loc sigs are 
associated with the location, "targetjoc". */ 

for each BS[i] in "BS bag" do 

{ /• determine two (estimated) loc sigs at '•target_!oc". one derived from ••urget_loc_sig_bag'' (if possible) and one derived 
from Location Signature DB loc sigs (if possible) •/ 
compari$on_loc_sig_bag[i] <- ntrievt_ rerified_loc_sigsJo^\i^[(\. search_area. search criteria); 

/* get all loc sigs for which BS[i] is associated and wherein the verified MS location is in 
"search_ar€a" (which surrounds the location "tai^etjoc") and wherein the loc 
sigs satisfy "search_criteria". •/ 
/• now determine if there are enough loc sigs in the "comparisonJoc_sig_bag" to make 
it worthwhile to try to do a comparison. •/ 

if ( (SIZEOF(comparisonJoc_sig_bag[il)/(SIZEOF(search_area)) ) < min_threshold_ratio(area_type($earch_area)) ) 
then 

/• it is believed that there is not a dense enough number of verified loc sigs to compute a composite 
loc sig associated with a hypothetical MS at "targetjoc". •/ 
enor rec[i].error <— invalid; 
else /* then an enough he sigs in "comparisonjoc_sig_bag" to continue, and in 
particular, an estimated loc sig can be derived from the loc sigs in 
"comparisonJoc_sig_bag": however, first see if a target loc sig can be 
determined; if so, then make the estimated loc sig (denoted 
"estiniatedJoc_sig[i]") . */ 

{ 
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i'(flS[i]«intarget_BS_bag)tlien 

/* l« a loc ,ig in "targetJSJag- for BSflJ; assume at mori one loc sig per BS in 
■'targeiJoc_jig_bag" */ 

target_loc_,ig{iI<...^,,_/,,_„^BS[i].target loc_sig bag); 
«•« B$[l] is not In "tar,ee_BS.bag". according^ this Implies that we are in the 
process of attempting to outpm all possible er„,r records for all B$V (a) 

that have previous, been de.aedi„.eareaorsea.h_a.a"M^^^^^^ 
()thaUreassocia.dwi.ha,ocsigin.argeMoc.sig_^^^^^ 

theMSatthe.ocatio„for"targeMoc"didnotdececttheBSW.bu.6SfiJ 
in thii area. */ 

i( {«arget_loc_sig_bag.type = = "UNVERIFIED LOC SIG CLUSTER") then 

/• can at least determine il the MS for the cluster deteaed the B$(iJ; i.e.. vrhether B$[i] 
was .n the set of BS's detected by the MS even though no loc sig was obtained for 6S[iJ V 
'f {^iL'^/^^.^./.a.^target Joc_sig_bag. BSfi]) ) then /• deteaed but no loc sig •/ 

ermr_rec(i].error<--- invalid:/, can'tdetermine an errorif .his is all the information 
we have */ 

eke /• BSra .as not deteaed by the MS at "targetjoclocation". so the pilot channel for BS[i] was 
m the no.se: make an artificial loc sig at the noise ceiling (alternatively, e.g.. a mean noise 
value) for the MS location at "target joc" •/ 
target_loc_$ig(iI < - ger_ noise_ ceHi„g_ loc_ //^target_loc); 

else;/- do «.thing:thereare no other types for"targetJoc_s.gJag:type",hatarecur.^^^^ 
outputting all possible error records lor BS's »/ 

if (error_rec[i].error NOT invalid) then 

/• we have a "target Joc_sig" for companng. so get the derived loc sig estimate obtained from the 
verified loc sigs in the location signature data base. •/ 

estimatedJoc_sig[i]<...estln„teJoc_sig_from_OB(targetJoc.loca.ion. 

comparison Joc_sigbag[i]); 
/* The above call funaion provides an estimated be sig for the location of "targe, loc" and B$[i] 
^ ujing the verified loc sigs of "compari«»n_loc_sig_bag[i]- •/ 

^y^'-^^chBS whose error record has not been marked "invahd", both 

"targetjoc^sig" and "estimated loc sie" are nou, ur.ii rt^r w 

^loc^sig are now well-defined; so compute an 
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error record related to the difference between "target_loc_sig" and 
"estimatedjoc sig". */ 

for each BS[i] in "BS bag " with error_rec[i].error not invalid do /* determine the error recordi for these base sutbns •/ 
{ 

5 /♦ Note, the "target joc iig" here is for an H$ at or near the tocation for the center of area for "target loc". • / 

ern)r_rec[i] < — get_differcnce_measureinent(targetJoc_$ig[}]. estimated_loc_$ig[i], 

comp3n$on joc_$ig_bag[i], seaith area, search criteria);/* get a measurement of the difference 
between these two loc sigs. •/ 
error_rBc.loc_sig Jd <- urget_loc_sig[i].id: I* this is the loc sig with which this error_rec is associated */ 
10 error reccomparisonjoc sig id bag <— comparison Joc_jig_bag[i]; 

} 

RETURN(error_rec): 

ENDOF Determine_Location_Signature_Fit_Errors 

15 estlmate_loc_sig_from_DB(loc_for_estiniation, loc_slg__bag) 

/• This function uses the verified loc sigs in "loc jig bag" to determine a single estimated (or "typical") loc sig derived from 
the loc sigs in the bag. Note, it is assumed that all loc sigs in the "loc_$ig_bag" ate associated with the same B$ 122 
(denoted the BS associated with the "loc_sig_bag'') and that the locations associated with these loc sigj are near 
"loc for estimation". Further, note that since tite loe sigs are veriffed, tite associated base station 
was ttte primary base station when the loc sig signal measurentents were sampled. Thus, the 
measurements are as precise as the infrastruaure allows. Note that the steps herein are also provided in flowchart form in 
Fig. 21. 

Input: loc_for_cstimation A representation of a service area location. 

loc_sig_bag A collection of verified loc sigs. each associated with the same base station and 

each associated with a service area location presumably relatively near to the 
location represented by "loc_for_estimation". •/ 
eJt_loc_sig < ™ extrapolate/interpolate a location signature for the location at "loc_for_e$timation" based on loc sigs in 
"locsigbag": 

/• Note, "est_ioc_sig" includes a location signature and a confidence measure. 
30 The confidence measure (in the range: [0. 1]) is based on: (a) the number of verified loc sigs in the search area; (b) how 

well they surround the center location of the new_loc, and (c) the confidence faaors of the loc sigs in "loc sig bag" (e.g.. use 
average confidence value). 
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Note, for the extrvolation/interpolation computation here, there an, many such extrapolation/interpolation methods 

ava.lable as one skilled in the an wHlapp,Kiate.fore«mple.in one embodiment of an«^^^^^^ 
the following steps are contemplated: 

(39.1) Apply any pre-processing constraints that may alter any subsequently computed ••est_loc_sig" values derived 
below), for example, if the BS associated with "loc.sigjag" is currently inaa^e "location BS" (i.e.. "aaiye" 
meaning the BS U on-line to process loation information with an MS. "inaa^e" meaning the not on-fine), then, 
regardless of any values that may be determined hereinbelow. a value or flag is set (lor the signal topography ' 
characteristics) indicating "no signal" with a confidence value of I is provided. Further, additional pre- 
processmg may be performed when the BS associated with "loc_sig_bag" is a location BS (LBS) since the 
constraint that a pilot channel from such an IBS is likely to be only detectable within a relatively small distance 
from the BS (e.g.. 1000 ft). For example, if the MS location, "locjor.estimation". does not intersea the 
radius (or area contour) of such a location BS. then, again . a value or flag is set (for the signal topography 
charaaeristics) indicating "outside of LBS area" with a confidence value of I is provided. Alternatively, if (a) 
a determined area. A. including the MS location. "Iocjor_estimatio„" (which may itself be. and likely is, an 
area), interseas (b) the signal detectable area about the location BS. then (c) the confidence faaor value may 
be dependent on the ratio of the area of the interseaion to the minimum of the size of the area in which the LBS 
is deteaable and the size of the area of -k,cJor_estimation". as one skilled in the art will appreciate. 

Further, it is noteworthy that such pre-processing constraints as performed in this step may be 
prDvWed by a constraint processing expert system, wherein system parameters used by such an expert system 
are tuned using the adaptation engine 1382. 
(39.2) Assuming a value of "no signal" or "outside of LBS area" was not set above (since otherwise no further steps 
are performed here), for each of the coordinates (records). C, of the signal topography charaaeristics in the loc 
H data struaure. generate a smooth surface. S(C). of minimal contour variation for the set of points { (x.y.z) 
such that (x.y) is a representation of a service area location . and i is a value of C at the location (x.y) for »me 
loc sig in "loc_sig_bag" wherein (x.y) is a point estimate (likely centroid) of the loc sig}. Mote that a least 
squares technique, a partial least squares technique, or averaging on "nearby" (x.y.z) points may be used with 
points from the above set to generate other points on the surface S(C). Additionally, note that for at least some 
surfaces charanerizing signal energy, the generation process for such a surface may use the radio signal 
attenuation formulas for urban, suburban, ami rural developed by M. Hau in IEEE Trans. VT-29. pgs. 317-325. 
Aug. I9fl0. "Empirical formula For Propagation Loss In land "Mobile Radio" (herein incorporated by reference). 
For example. Hata's formulas may be used in: 

(39J.I) Determining portions of the surfaces S(C) where there is a low density of verified loc sigs in 

"loc_$ig_bag". in particular, if there is a very bw density of verified loc sigs in "loc sig bag" for 
the service area surrounding the location of "loc_for_estimation". then by determining the area 
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type(s) (e.g.. tranjmijsion area type as deKribed hereinabove, assuming a .correspondence between 
the transmission area types and the more coarse grained categorization of : urban, suburban, and 
rural) between this location and the base sution associated with "loc sig bag'. and applying Hata's 
corresponding formula($), a signal value i may be estimated according to these type(s) and their 
corresponding area extents between the MS and the BS. Note, however, that thisoptton is considered 
Jess optimal to using the veriHed loc sigj of "loc_$ig_bag- for determintng the values of a surface 
S(C). .Accordingly, a lower confidence value may be auigned the resulting composite loc sig (i.e^ 
"est joc sig") determined in this manner; and related!/. 
(39.2J) Determining a surface coordinate (xo.yo,Zo) of $(Q when there are nearby verified loc $ig$ in 

"loc_sig_bag". for example, by using Hata's formulas, an estimated surface value i, at the location 
(xo.yo) may be derived from estimating a value i, at (xc/j) by adapting Hau's formula's to 
extrapolate/interpolate the value i, from a nearby location (Xi.yi) having a verified loc sig in 
"loc_$ig_bag". Thus, one or more estimates i, may be obutned used in deriving z- as one skilled in 
statistics will appreciate. Note, this technique may be used when there is a moderately low density of 
verified loc sigs in "loc_$ig_bag" for the service area surrouraling the location of 
''loc_for_estimation". However, since such techniques may be also considered less than optimal to 
using a higher density of verified loc sigs of "loc_sig_bag" for determining the values of a surface $(C) 
via a least squares or partial least square technique, a lower confidence value may be assigned tlie 
resulting composite loc sig (i.e.. "est toc sig") determined in this manner, 
further, recall that the values, z, for each loc sig are obuined from a composite of a plurality of signal 
measurements with an MS. and. that each value i is the most distina value that sunds out above the noise in 
measurements for this coordinate. C. So, for example in the CDMA case, for each of the coordinates C 
representing a finger of signal energy from or to some MS at a verified location, it is believed that S(C) will be a 
smooth surface without undulations that are not intrinsic to the service area near "locjor estimation". 
(39 J) for each of the coordinates, C. of the signal topography charaaeristics. extrapolate/interpolate a C-coordinate 
value on $(C) for an estimated point location of "locjorestimation". 
futther note that to provide more accurate estimates, it is contemplated that Hata's three geographic categories and 
corresponding formulas may be used in a fuzzy logic framework with adaptive mechanisms such as the adapution engine 1382 
(for adaptively determining the fuzzy togic classifications). 

Additionally, it is also within the scope of the present invention to m the techniques of I. E. Vogler as presented in "The 
Attenuation of Elearomagnetic Waves by Multiple Knife Edge Diffraction". US Dept of Commerce. NTIA nos. 81-86 (herein 
incorporated by reference) in the present context for estimating a loc sig between the base sution associated with 
"loc sig bag" and the location of "toc for estimation". •/ 
RETURN(est_loc_sig) 
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ENOOF estimate_loc_slg^from_DB 
get__area_to_search(loc) 

flowchart form in f igj. 22a through 22b. • / 
{ 

loc_ar.a_type < - ^er_,re3_ /.^loc); /-get th« ana type surrounding "loc": note thi, may be 
.:. ;^^*«''^°''«"''^='''«^«'»^«tedwithacemralto^^^ 

search_arca < •-feryef,aA_,re3_3l>a^(y>c): /• this is the largest area that will be used •/ 
saved_search_area <- search_a,ea://may need it after "searth.area" has been changed 

iearch_area_types<.-.^«,«P,_^^^„3„h_area)://e.g.. urban, rural^^ 
loop until RETURN performed: 

{ 

niin_acccptable_nbr_loc_sigs < - 0; // initialization 
for each area_type in "$earch_area_types" do 
{ 

area_percent < - get_percent_ of_ area_ ^area type. $earch_area); 

/* get percentage ol area having "area_type" */ 
min_acceptable_nbr_loc_sig5 < - min_acceptable_nbr_loc_sigs + 

f(8"-"''''_««PtabIf_verifed_loc_sig_density_for(area_type)) • 
(S'ZEOf ($earch_area) » areapercentt / 100)]; 

/* Now gee all verified loc sigs Iron, the location signature data base whose associated MS location is in 
"search_area". ♦/ 

if (min_acceptable_nbrJoc_sigs > total_nbr_loc_sigs) 

then/* not enough loc sigs in -search_area": so return "saved_searcb_area" •/ 
RETURN($aved_$earch_area): 

else /* there is at least enough loc sigs. so see if -seareh_area- can be decreased V 

{ saved scarch area <— search area; 

IS6 



wo 98/10307 PCTAJS97/15892 

search_area <--- dKn3se_searc/i_3iTea_3boui{\(ic,va<K!R_3ni); 

} 

} 

} 

ENDOF get_area_to_search 



/• for processing various types of loc sigs. particular signal processing filters may be required. Accordingly, in one embodiment of 
the present invention, a "filter bag" object class is provided wherein various fillers may be methods of this objea (in object-oriented 
terminology) (or transforming loc sig signal data so that it is comparable with other loc sig signal data from, for example, an MJ of a 
different classification (e.g., different power classification). It is assumed here that such a "filter bag" object includes (or 
references) one or more filter objects that correspond to an input filter (from the Signal Filtering Subsystem 1220) so that, given a 
bation signature dau objert as input to the filter bag objea„ each such filter objea can output toe sig filtered data corresponding 
to the filter object's filter. Note, such a filter_bag object may accept raw loc sig data and invoke a corresponding filter on the data, 
further, a filterbag objea may reference filter objects having a wide range of filtering capabilities, for example, adjustments to loc 
sig data according to signal strength may be desired for a particular loc sig comparison operator so that the operator can properly 
ampare HS's of different power classes against one another. Thus, a filter may be provided that utilizes, for each BS. a 
corresponding signal strength change topography map (automatically generated and updated from the verified loc sigs in the 
location signature data base 1320) yielding signal strength changes deteaed by the BS for verified MS location s at various disunces 
from the BS, in the radio coverage area. Additionally, there may also be filters on raw signal loc sig data such as quality 
charaoeristics so that loc sigs having different signal quality charaaeristics may be compared. */ 

get_dlfference_measurement(target__loc_sig, estimated_loc sig, 

comparison_ioc_sig_bag, search_area, search_criteria) 

I* Compare two location signatures between a BS and a particular MS location (either a verified or hypothesized location) lor 
determining a measure of their difference relative to the variability of the verified tocation signatures in the 
"comparison_loc_sig_bag" from the location signature data base 1320. Note, it is assumed tfiat "targetJo€_sig". 
"estimated Joe_sig" and tlie loc sigs in "eomparisonjoc_sig_bag" are all associated with the 
same BS 122. Horeover. it is assumed that "targetJoc_sig''and "estimatedJoc_$ig" are well-defined non-Nil loc sigs. and 
additionally, that •'comparison_loc_sig_bag" is non-NIL. This funaion returns an error record, "error rec". having an error or 
difference value and a confidence value for the error value. Note, the signal characteristics of "target Joc_jig" and those of 
"estimated_toc_sig" are not assumed to be normalized as described in seaion (26.1) prior to entering this funoion so that 
variations in signal characteristics resulting from variations in (for example) MS signal processing and generating charaaeristics of 
different types of HS's may be reduced, as described in the discussion of the loc sig data type hereinabove. It is further assumed 
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23a through 23c, ^ * 

target Joc_sig: The loc sig to which the ••err«r_rec" detennined here is to be associated. Note that this loc sig is 
auociaied with a location denoted hereinbelow as the "particular location". 

estimated Joc.slg: The loc sig to compare with the "target Joc^sig". this loc sig: (a) being lor the san,e MS locatK,n as 
"targetJoc_sig". and (b) derived from verified loc sigs in the location signature data base whenever 
possible. Howe^r. note that if this loc sig is not derived from the signal characteristics of loc sigs in 
the location signature data base, then this parameter provides a loc sig that corresponds to a noise 
level at the particular MS location, 
comparison Joc_sig_bag: The universe of loc sigs to use in determining an error .easuremen, between 

"targetJoc_s.g" and "estimated Jocjig" . Note, the loc sigs in this aggregation include all 
loc sigs for the associated Base Station 122 that are in the "search_area" (which surrounds the 
particular MS location for ••target_loc_sig") and satisfy the constraints of "search_f riieria". 
It is assumed that there are sufficient loc sigs in this aggregation to perform at least a 
minimally effeaive variability measurement in the loc sigs here, 
search.area: A representation of the geographical area surrounding the particular MS location for all input loc sigs. This 

.nput is used for determining extra information about the search area in problematic circumstances, 
search.criteria: The criteria used in searching the location signature data base 1320. The criteria may include the 
following: 

(a) "USE AU LOC SIGS IN DB", 

(b) "USE ONLY REPEATABLE IOC SIGS". 

(c) "USE ONLY LOC SIGS WITH SIMILAR TIME OF DAY 

However, environmental charaaeristics such as: weather, traffic, season are also contemplated. V 

error <— 0; //initialization 

^* get identifiers for the niters to be used on the input loc sigs */ 

'^--^1< --S-J'l^er_^^^^^^^^ .^^^^^^^ ^^^^ 

/• I. .s assumed here that each entry in "filter_bag" identifies an input fiUer to be used in the context of determinin'g a " 

d.ffere„ce measurement between loc sigs. Note.if all loc sigs to be used hereareofthe same type, then it may be tha^ 
need for f.ltering here. Accordingly. -fi,ter_bag" can be empty. Alternatively, there may be one or more filter objeas in 
"filterbag".*/ 
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for eacfj filter, determine a difference measurement and confidence */ 

(or each filter_obj indicated in filter^bagdo 
{ 

filter *'targetJoc_sig'\ ''estimated Joc^sig"" and loc sigs in ''comparisonjoe_sig_bag"; 
note, each filter^obf can determine when it needs to be applied since each he sig includes: 
(a) a description otthe type (e.g., make Bnd model) of the he sig's associated MS, and (b)a 
niter flagfs) indicating lilter(s) that have been applied to the he sig. •/ 
larget^loc^sig < rilter_obj(targetJoc_$ig): /* filter at least the signal topography charaaeristics ♦/ 
estimated_loc_sig < filter_obj(e$timated Joc_$ig); /* filter at least the signal topography charaaeristics ♦/ 
comparison Joc_$ig_bag<.-. filter_obj(comparisonJoc sig bag); /♦ filter loc sigs here too */ 

} 

/' determine a difference measurement and confidence for each signal topography 
characteristic coordinate */ 

for each signal topography characteristic coordinate, C, of the loc sig data type do 
{ 

variability_measmt.val < — get_ v3riabUity_raag€(i, comparison Joc_$ig_bag); 

I* This funaion provides a range of the variability of the C-coortlinate. In one embodiment this measurement is a 
range corresponding to a standard deviation. However, other variability measurement definitions are contemplated 
such as second, third or fourth standard deviations. ♦/ 
Z*' make sure there are enough variability measurements to determine the 
variability of values for this coordinate. V 
if (SIZEOf (comparison Joc^sig^bag) < expeaed_BS_hcyg_{hmboi({mxt\i_zx^^,\^^^^^ 

then /* use the data here, but reduce the confidence in the variability measurement. Note that it is expeaed 
that this branch is performed only when "wmparison Joc sig bag" is minimally big enough to use (since this 
is an assumption for performing this funaion). but not of sufficient size to have full confidence in the values 
obtained. Note, a tunable system parameter may also be incorporated as a coefficient in the computation in the 
statement immediately below. In panicular, such a tunable system parameter may be based on "search^area" 
or more particularly, area types interseaing "search area".*/ 
{ 
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variability ineajmt conl rtduction jactor < — SIZEOf (comparisonjot sig bag)/ 

«r/m<'(/^Af_A;(_*/_f^fl?jA<>/^$earth_area.$eafch_criteria); 

} 

else /♦ There is a sufficient number of loc jigs in "comparison joc sig bag" so continue */ 
{ 

variability_mea$im_conf_reduaion_factor <— 1.0; //i.e., don't reduce confidence 

} 

/* Now determine the C-coord difference measurement between t/ie 
"targetJoc_sig" and the "estimatedJoc_sig" */ 

delta < - >*^J(targetJoc_sig[q - estimated_loc_sig[q): // get absolute value of the difference 
•' if (delta > variability_nieajnK.val) then 

error < — error + (deltaAariability_measmt.val): 

} 

1 5 }/• end C-coord processing */ 

/• construct the error record and return it */ 

error_rec.erTor < — error; 

/* Get an average confidence value for the he sigs in "comparisonjoc_sig_bag" Note, we use 

this as the confidence of each foe sig coordinate below. */ 
average confidence < — /♦fKMiZf^loc sig.confidence for toc sig in "comparison Joc_sig_bag"); 
error recxonfidence <- mN(target_toc_sig.confidence.estiraated_loc_iig.confidence. (average confidence ♦ 

variability_measmt_conf_reduaion_ faaor)); // presently not used 

RETURN(error_rec); 

ENDOF get_difrerence_measurement 
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APPENDIX D: Context Adjuster Embodiments^ 

A description of the high level functions in a first embodiment of the Context Adjuster 
context_adjuster(loc_hyp_list) 

5 /* Thij funaion adjusts the loation hypotheses on the list, "loc hyp Jist". so that the confidences of the location hypotheses are 
determined more by empirical data'than default values from the First Order Models 1224. That is, for each input location hypothesis, 
its confidence (and an MS location area estimate) may be exclusively determined here if there are enough verified loation signatures 
available within and/or surrounding the location hypothesis estimate. 

This funaion creates a new list of location hypotheses from the input list. "loc_hypJist'\ wherein the location hypotheses on 

10 the new list are modified versions of those on the input list, for each location hypothesis on the input list, one or more corresponding 
location hypotheses will be on the output list. Such corresponding output location hypotheses will differ from their associated input 
location hypothesis by one or more of the following: (a) the "image area" field (see fig. 9) may be assigned an area indiative of 
where the target MS is estimated to be. (b) if "image^area" is assigned, then the "confidence" field will be the confidence that the 
target MS is located in the area for "image^area". (c) if there are not sufficient "nearby*^ verified location signature clusters in the 

1 5 location signature data base to entirely rely on a computed confidence using such verified location signature clusters, then two 
location hypotheses (having reduced confidences) will be returned, one having a reduced computed confidence (for "image_area") 
using the verified clusters in the location Signature DB, and one being substantialiy the same as the associated input location 
hypothesis except that the confidence (for the field "area^est") is reduced to refiea the confidence in its paired location hypothesis 
having a computed confidence for "image_area". Note also, in some cases, the location hypotheses on the input list, may have no 

20 change to its confidence or the area to which the confidence applies. Note that the steps herein are also provided in flowchart form in 
figs. 25a and 25b. 
*/ 
{ 

new Joc hyp Jist < — cnM_ new_ empty _ //i/(); 
25 for each loc hyp[i] in loc_hypJist do /* Note, "i" is a first Order Model 1 224 indicator, indicating the model that output 

"hyp loc[i]"*/ 

{ 

remo¥e_ from_ //j/(loc_hyp[i] , lochyp Jist); 

if (NOT loc_hyp[i].adjust) then /* no adjustments will be made to the "area^est" or the "confidence" fields since the 

"adjust" field indiates that there is assurance that these other fields are correa; note that such designations 
indicating that no adjustment are presently contemplated are only for the location hypotheses generated by 
the Home Base Station f int Order Model, the location Base Station first Order Model and the Mobil Base 
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Slation f irjt Order Model. In pankubr. location hypotheses from the Home Base Station model will have 
confidences of 1 .0 indicating with highest confidence that the target MS is within the area estimate for the 
location.hypothesis. Alternatively, in the Location Base Station model, generated location hypotheses may 
have confidences of .(substantially) +1.0 (indicating that the target MS is absolutely in the area for 
'*area_csf). or. -1.0 (indicating that the target US is MOf in the area estimate for the generated location 
hypothesis).*/ 

{ lo<Jiypfi].image^area < - NULL; // no adjustment, then no -image_area- 

add_to_list(new_io£_hyp_li«. loc_hyp[i]); //add "loc_hyp(i]" to the new list 

} 

else /* the location hypothesis can (and will) be modified; in particular, an "image.area" may be assigned, the 
. "confidence" changed to reflect a confidence in the target MS being in the "in,age_arc3". Additionally, in some 

cases, more than one location hypothesis may be gene,ated from "loc.hyplij-. See the comments on FIG. 9 and 
the comments for "get_adjusted_loc_hyp_list_for" for a description of the terms here •/ 

{ 

temp list < g€t_a<JiustedJoc_hyp_list_for(loc_hyp[i]); 

new_loc_hyp_list <- a7/7;^//7f_//jrj(new_loc_hyp_list, temp_list)- 

} 

RETURN (newJoc_hyp_list); 
}ENDOF 

get_ad|ustedjoc_hypjistjor(loc_hyp) 

/• This funaion rett^rns a list (or more generally, an aggregation ob,ect) of one or more location hypotheses related to the input 
location hypothesrs. "locjyp". |„ panicdar. the returned location hypotheses on the list are "adiusted" versions of "loc hyp" in 
that both their target MS MO location estimates, and confidence placed in such est.mates may be adjusted according to arc"hival MS 
locatton mformation in the location signature data base 1320. Note that the steps herein a. also provided in flowchart form in figs 
26a through 26c. 

RETURNS: loc_hyp_list This is a list of one or more location hypotheses related to the 

input •'Ioc_hyp". Each location hypothesis on -|oc_hyp_li$t- will typically be 
substantially the same as the input "loc.hyp" except that there may now be a new urjet 
MS estimate in the field. "image_area-. and/or the confidence value may be changed to 
refleo information of verified location signature clusters in the location signature data 
base. 

Introductory Information Related to the Function. "get_adiusted_loc.l,ypJist_for" 
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This fuiKtion and functions called by this function presuppose a framework or paradigm that requires some discussion as well as the 
defining of some terms. Note that some of the terms defined hereinbelow are illustrated in Fig. 24. 

Define the term the "the cluster set" to be the set of all MS location point estimates (e.g.. the values of the "pt_est" field 
of the location hypothesis data type), for the present f OM. such that these estimates are within a predetermined corresponding area 
(e.g., '•loc_hyp.pt_co¥ering" being this predetermined corresponding area) and these point estimates have verified location 
signature clusters in the location signature data base. 

Note that the predetermined corresponding area above will be denoted as the "cluster set area". 

Define the term "Image cluster set" (for a given first Order Model identified by "loc_hyp.FOM J0") to mean the set of 
verified location signature clusters whose MS location point estimates are in "the cluster set". 

Note that an area containing the "image cluster set" will be denoted as the "image cluster set area" or simply the 
"image area" in some contexts, further note that the "image cluster set area" will be a "small" area encompassing the "image 
cluster set". In one embodiment, the image cluster set area will be the smallest covering of ceils from the mesh for the present f OM 
that covers the convex hull of the image cluster set. Note that preferably, each cell of each mesh for each FOH is substantially 
contained within a single (transmission) area type. 

Thus, the present FOM provides the correspondences or mapping between elements of the cluster set and elements of the image 
cluster set. */ 

{ 

add_to_list(loc_hyp_li$t, loc_hyp); /* note the fields of "locjyp" may be changed below, but add "locjyp" to the list. 

"loc_hypJijt here •/ 

mesh <---iet_celimeshJor_n,ode{\K_\\)^.m_\^-J* get the mesh of geographic cells for the first Order Model for this 

location hypothesis.*/ 

pt_min_area <■- ger_imn_3rea_surroundmg_pt{VKyi^, mesh); /• Get a minimal area about the MS location point. 

"pt est • of "loc_hyp[i]" indicating a point tocation of the target MS. Note that either the "pt est" field must be 
valid or the "area_esi" field of "loc_hyp[i]" must be valid. If only the latter field is valid, then the centroid of the 
"area_est" field is determined and assigned to the "pt est" field in the function called hei«. Note that the mesh of 
the model may be useful in determining an appropriately sized area. In particular, in one embodiment, if 
"loc_hyp.pt_est" is interior to a cell. C, of the mesh, then "pt_min_area" may correspond to C. Further note that 
m at least one embodiment, "pt_rain_area" my be dependent on the ana ry/wwithin which "loc_hyp.pt_est" 
resides, since spanely populated flat areas may be provided with larger values for this identifier. Further, this 
function may provide values according to an algorithm allowing periodic tuning or adjusting of the values output, 
va, e.g., a Monte Cario simulation (more generally, a statistical simulation), a regression or a Genetic Algorithm. 

For the present discussion, assume: (i) a cell mesh per f OH 1 224; (ii) each cell is contained in substantially a 
single (transmission) area type; and (iii) "pi_min_area" represents an area of at least one cell. */ 

area < — pt_min_area; // initialization 
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pt_o«x_area <~-get_nm_anB_su,-roundmg_p.i,\,,_v^^, mesh); /« Get the maximum area aboa, "pt est" that i. 

deemed wonhwhile for examining the behavior of the "Ioc_hyp.fOHJD" first Order Model (fOM) about "pt est" 
Note tha, in ai least one embodiment, this val«e of this identifier may also d.n.nH,n. „n^K^^^ 
whKh ••loc_hyp.p,_es," resides, further, this function may provide values according to an algorithm allowing 
penod,c toning or adjusting of the values output, via. e,.. a Monte Carlo simulation (more generally, a statistical 
..mulatmn or regression) or a Genetic Algorithm. In some embodiments of the present invention the value 
determined here may be a relative^. la„e proportion of the entire radio coverage are, region. However, the tuning 
process may be used to shrink this value for (for example) various area types as location signature clusters for 
verified MS location estimates are accumulated in the location signature data base */ 
n.in_clusters<--.,..^.,,_,,,;,,,,,^,,_,^p^^^^^^^ 

("m,n_clusters") of archived MS estimates. L. desired in generating a new target MS location estimate and a related 
..... confidence, wherein this minimum number is likely to provide a high probability that this new target MS location 

estimate and a related confidence are meaningful enough to use in subsequem location Center processing for outputting a 
.arget MS location estimate. More precisely, this minimum number. "min_cluster," is an estimate of the archived MS 
location estimates. I. required to provide the above mentioned high probability wherein each I satisfies the following 
conditions: (a) L is in the area for "area": (b) L is archived in the tecation signature data base; (c) L has a corresponding 
verified location signature cluster in the location signature data base; and (d) I is generated by the FOM identified by 
-toc_hyp.fOMJO-). In one embodiment, "min_clusten" may be a constam; however, in another i, may varj 
a ccording to area type and^or area size fof 'area") , in some it may also vary according to the f CM indicated by 
"lochypiOMJO". */ 
pt_est>g<..-^,,_^,_,^,_,,,_,^,^,_,/^^„^_^^^^^^^^^^^^ 

estimates for this fOM wherein for each such estimate: (a) it corresponds to a verified loca,»n signature cluster 
(that may or may not be near its corresponding estimate), and (b) each such MS estimate is in "pt_min_area" V 
r Now, if necessary, expand an area initially starting with "pt_min_area" untirat liast 
"min.clusters" are obtained, or. until the expanded area gets too b^. •/ 

while ((sizeof(pt_est_bag) < min_clusters) and (sizeof(area) < = p,_max_area) do 
{ area < — inc^eass{^m^)\ 

min_clusten<--.^^r_^,;,_.^._./_rA,xr^/:<loc_hyp.rOM_ID.area);//up 
^ pt_e$t_bag <---fPC/'L«»_>J'C/^^/l.fitor«^xf/(loc_hyp.FOM_ID. loc_hyp.pt_est. area); 

3ttach_ w(loc_hyp.pt_covering. area); // Hake "area" the -pt_ covering" field 

if ("zeof(pt_est_bag) = = 0) then /• .here aren't any other FOM MS estimates having corresponding verified location 
signature clusten; so designate "locjyp" as part of the second set as described above and return. «/ 

i6<l 
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{ 

toc_hyp.iinage_area < - NULU // no image area for this loc_hyp: this indiates second set 
RETURN(loc_hypJi$t); 

} 

r It is now assured that "pt>t_bag" is non-empty and "area" is at least the size of a mesh 
cell. */ 

/• Now determine "image_area" field for "loc.hyp" and a corresponding confidence value 
using the verified location signature clusters corresponding to the MS point estimates of 
"area" (equivalently. in."pt_est_bag"). •/ 

/• There are various strategies that may be used in determining conHdences of the "image.area" of a location hypothesis. In 
particular, for the MS location estimates (generated by the fOM of loc_hypiOM JD) having corresponding verifcd location 
signature clusten (that may or may not be in "area"), if the number of such tIS location estimates in "area" is deemed 
sufnciently high (i^.. > = ••min_cluster5" for "area-), then a confidence value can be computed for the "image.area" that 
is prediaive of the target MS being in "image_area". Accordingly, such a new confidence is used to overwrite any previous 
confidence value corresponding with the target MS estimate generated by the f OM. Thus, the initial estimate generated by the 
FOM is, in a sense, an index or pointer into the archived location data of the location signature data base for obtaining a new 
target MS location estimate (i.e.. "image_area") based on previous verified MS locations and a new confidence value for this 
new estimate. 

Alternatively, if the number of archived FOM MS estimates that are in "area." wherein each such MS estimate has a 
corresponding verified location signature clusters (in "image^area"). is deemed too small to reliably use for computing a new 
confidence value and consequently ignoring the original target MS location estimate and confidence generated by the fOM. 
then strategies such as the following may be implemented. 

(a) In one embodiment, a determination may be made as to whether there a an alterative area and corresponding 
"image_area" that is similar to "area" and its conesponding "image_ai?a" (e.g.. in area size and type), wherein a 
confidence value for the •'iraage_area" of this alternative area can be reliably computed due to there being a sufficient 
number of previous f OH MS estimates in the alternative area that have corresponding verified location signature clusters (in 
the location signature data base). Thus, in this embodiment, the confidence of the ahemative "image_area" is assigned as the 
coflridenceforthe"image_area''for of "area". 

(b) In another embodiment, the area represented by "pt_max_area" may be made substantially identical with the 
MS location service region. So that in many cases, there will be. as "area" increases, eventually be enough MS location 
estimates in the cluster set so that at least "min.clusters" will be obuined. Note, a drawback here is that "image_3rea" may 
be in become inordinately large and thus be of little use in determining a meaningful target MS location estimate. 
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(c) In another embodiment, denoted herein as the two tier strategy, both the original f OH MS location estimate and 
conndence as well as the "image.area- MS location estimate and a confidence are used. That .s. two location hypotheses are 
provided forthe targe, MS loca.ion.one having the FOM MS location estimate and one having the MS location estimate for 
-image_area". However, the confidences of each of these location hypotheses maybe reduced to reflea the resulting 
ambiguity of providing two different location hypotheses derived from the same fOM MS est.mate. Thus, the computations for 
determining the confidence of "image.atea may be performed even though there are less than the minimally required 
archived fOM estimates nearby to the original FOM target MS estimate. In this embodiment, a weighting(s) may be used to 
weight the confidence valuesas.forexample.byafunction of the sizeofthe "image cluster set", forexample if an 
original confidence value from the FOM was 0.76 and "area" contained only two-thirds of the minimally acceptable number 
"m.n_cius,ers". then if the computation for a confidence of the corresponding "image area" yielded a new confidence of 
0.43. then a confidence for the original FOM target MS estimate may be computed as [ 0.76 • (l/J), whereas a confidence for 
... the corresponding ■"image_a«a" may be computed as [0.43 « (2/3)]. However, it is within the scope of the present invention 
to use other computations for modifying the confidences used here, forexample. tunable system coefficients may also be 
applied to the above computed confidences. Additionally. «,te that some embodiments may squire at least a minimal 
number of relevant verified location signatute clusters in the tocation signature data base before a location hypothesis utilizes 
the "image_area" as a target MS location estimate. 

Although an important aspea of the present invention is that it provides increasingly more accurate MS location 
estimates as additional verified location signatures are obtained (i.e., added to the location signature data base), it may be the 
case that for some areas there is substantially no peninen, verified location signature clusters in the location signature data 
base (e.g.. "image_area" may be undefined). Accordingly, instead of using the original f OH generated location hypotheses in 
the same manner as the location hypotheses having target MS location estimates corresponding to ••imago_areas" in 
subsequem MS location estimation processing, these rwo types of location hypotheses may be processed separately. Thus, a 
strategy is provided, wherein two sets of (one or more) MS location estimates may result: 

(i) one set having the location hypotheses with meaningful "image_areas" as their target MS location 
estimates and 

(ii) a second set having the location hypotheses with their confidence values corresponding to the original 
FOM target MS estimates. 

Since the first of these sets is considered, in general, more reliable, the second sei may used as a "tie breaker" for determining 
which of a number of possible MS location estimates determined using the first set to output by the Location Center. Note, 
however, if there are no location hypotheses in the first set. then the seiond set may be used to output a Location Center target 
MS location estimate. Further note that in determining confidences of this second set. the weighting of confidence values as 
described above is contemplated. . 

The steps provided hereinafter reflect a "two tier" strategy as discussed in (c) above. 
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/* The following factor is analogous to the factor discussed in (c) above. •/ 
dujter ratio faaor < — min { (sizeof (pt est bag) / min clusters). 1.0} ; 

/• Now use "area" to obtain a new target MS location estimate and confidence based on 
archived verified loc sigs. but first determine whether "area" is too big to ignore the original 
target MS location estimate and confidence generated by the FOM . •/ 

if (sizeof(area) > pt_max_area) then r create a loc_hyp that is essentially a duplicate of the originally input "loc_hyp" 
except the confidence is lowered by "(1.0 - cluster_ratio Jaaor)". Note that the original "locjyp" will have its 
confidence computed below. */ 

{ new Joc hyp < - (/i/p//c3re{\oc Jifp); // get a copy of the "loc hyp" 
new_loc_hyp.iniage_area < - NULL; // no image area for this new loc_hyp 

/• Now modify the confidence of "loc.hyp"; note, in the one embodiment, a system {i.e.. tunable) parameter may also be 

used as a coefficient in modifying the confidence here. */ 

new joc hypxonfidence <- newJoc_hyp.confidence • (1.0 -cluster ratiojactor) ; 

add_toJi«(loc_hyp_li$t.newJoc_hyp); 

} 

r Now compute the "image_area" field and a confidence that the taiget MS is in 
"image_area" */ 

image_clu$ter_set <---/fr_Kf///7^^_/ce^^_^/^^r^/L/&/(PLe«_bag):/* Note, this statement gets the verified location 
Jignatore clusters for which the target MS point location estimates (for the first Order Model identified by 
■'loc_hyp.fOH ID") in "pt_e$t_bag" are approximations. Note that the set of MS location point estimates 
represented in "pt_e$t_bag" is defined Kz"c/asfenef hereinabove.*/ 
image_area < - ^er_ 3rea_ «/7/a/*/;?p(image_cluster_set); /• Note, in obtaining an area here that contains these verified 
location signature clusters, various embodiments are contemplated. In a first embodiment, a (minimal) convex hull 
containing these dusters may be provided here. In a second embodiment, a minimal covering of ceils from the mesh 
for the FOM identified by "loc_hyp.FON_!D" may be used, in a third embodiment, a minimal covering of mesh cells 
may be used to cover the convex hull conuining the dusters. It is assumed hereinbelow that the first embodiment is 
used. Note, that this ansa is also denoted the "/yj7a/Pf/tfja./-jprj/pj^ as is described hereinabove. •/ 
»mch_ rfl(ioc_hyp.image_area. image_area); /» Hake "image_area; the "image area" field of ••|oc_hyp". •/ 
/• In the following step, determine a confidence value for the target MS being in the area for "image_area-. • / 
confidence <.- confidence_adjuster(loc_hyp.fOM_ID. image area. image_clu$ter_set): 
/• In the following step, reduce the value of confidence if and only if the number of MS point location estimates in 
"pt_est_bag" is smaller than "min clusters" ♦/ 
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loc_hypxonfidence <-tonridence * cluster ratio jacion 
RETURM(lo(_hyp_lijt); 



}ENDOfget_adiustedJoc_hyp_||st_for 



confidence_adjuster(FOM_ID. Image_area. image_cluster_sct) 

/• This funaion returns a confidence value Indicative of the target MS MO i^ing in the area for "iniage area". Note that the 
steps herein are also provided in flowchan form in figs. 27a and 27b. 

RETURNS: A confidence value. This i, a value indicative of the target MS being located in the area 
^ ^presented by "in,age_area" (when it is assumed that lor the related "locjyp." the "cluster set area" is the 
"loc_hyp.pt_covering" and "loc hyp.f OM_ID" is "fOM ID"); 

Introductonr Information Related to the Function, "confidence adjuster" 

Th.sfunction(a„dfunaionsca.ledbyth.slunction) presuppose a framework or paradigm that requirelsome discussion as well as 
the defining of terms. 

Define the term -mapped cluster density" to be the number of the verified location signature clusters in an 
"image cluster set" per unit of area in the "image cluster set area". 

It is believed that the higher the "mapped duster density", the greater the confnJence can be had that a target MS aaually 
resides m the ".mage cluster set area" when an estimate for the target MS (by the present f OM) is in the corresponding "the 
duster set". 

Thus, the mapped dusterdensitybecomesan important faaor in determiningaconfidence value foran estimated area ofa 
tatiet MS such as. for example, the area represented by "image.area". However, the mapped duster density value requires 
mod.f.ca,.on before it can be utilized in the confidence calculation. In particular, confidence values must be in the range [-I .] 
and a mapped cluster density does not have this constraint. Thus, a "relatmzed mapped cluster density" for an 
estttnated MS area is desired, wherein this relativized measurement is in the range (-1. ^ I], and in paaicular. for positive 
confidences .n the range [0. l). Accordingly, to alleviate this difficulty, for the fOM define the term "prediction mapped 
cluster density- as a mapped duster density value. MCD. for the FOH and image duster set area wherein: 

(i) MCD is s«ffic„mly high so that it correbtes (at least at a predetermined likelihood threshold level) with the aaual target 
MS location being in the "image cluster se, area" when a f OM target MS location euimate is in the corresponding "duner 
set area"; 

T».. ». , d„„„ « a,„ (,,., •■,.<_^,p.p,_„„,i„.) ,„ ,„„ „ ^ .^^ ^^^^ _^ ^ ^ 

<l«- to-, t„«.r m -p^iln,. ^ . ^ ^ ^^^^ ^ ^ ^ 

image cluster set area. 
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It is believed that the prediction mapped cluiter denjity will typically be dependent on one or more area types. In 
particular, it is assumed that (or each area type, there is a likely range of prediaion mapped cluster density values that is 
substantially uniform across the area type. Accordingly, as discussed in detail hereinbelow, to calculate a prediction mapped 
cluster density for a particular area type, an estimate is made of the correlation between the mapped cluster densities of image 
areas (from cluster set areas) and the likelihood that if a verified MS location: (a) has a corresponding FOM MS estimate in the 
cluster set. and (b) is also in the particular area type, then the verified MS location is also in the image ar«a. 

Thus, if an area is within a single area type, then such a "relativized mapped cluster density" measurement for the ar«a 
may be obtained by dividing the mapped cluster density by the prediction mapped cluster density and taking the smaller of: the 
resulting ratio and 1.0 as the value for the relativized mapped cluster density. 

In some (perhaps most) cases, however, an area (e.g., an image cluster set area) may have portions in a number of area 
types. Accordingly, a "composite prediction mapped cluster density" may be computed, wherein, a weighted 
sum is computed of the prediction mapped duster densities for the portions of the area that is in each of the area types. That is. 
the weighting, for each of the single area type prediction mapped cluster densities, is the f raaion of the total area that this area 
type is. Thus, a "relativized composite mapped cluster density" for the area here may also be computed by 
dividing the mapped cluster density by the composite prediction mapped cluster density and taking the smaller of: the resulting 
ratio and 1.0 as the value for the relativized composite mapped cluster density. 

Accordingly, note that as such a relativized (composite) mapped cluster density tor an image cluster set area 
increasej/decreases. it is assumed that the confidence of the target MS being in the image cluster set area should 
increase/decrease, respeaively. ♦/ 

{ 

prediaion mapped cluster density < --- 

get_composite_prediction_mapped_cluster_density_with_high_certainty 

(fOM_ID. image_arBa); 

/" The funaion invoked above provides a "composite predktion cluster density" (i.e., clusters per unit area) that is 
used in determining the confidence that the urget MS is in "image_area". That is, the composite prediaion mapped 
cluster density value provided here is: high enough so that for a computed mapped cluster density greater than or equal 
to the composite prediaion cluster density . and the target MS fOM estimate is in the "cluster set area", there is a high 
expectation that the aaoal ta^et MS location is in the "image cluster set area" . •/ 
max_area <- ger_max_3re3jor_/i/g6_ce/t3/Mf{mjfi. image_area): f Get an area size value wherein it is highly 
likely that for an area of size. "max_area". surrounding "image_area". the aaual target MS is located therein. Note, 
that one skilled in the art will upon contemplation be able to derive various embodiments of this function, some 
embodiments being similar to the steps described for embodying the funaion. 

"get_composite_prediaion_mapped_c!uster_density_with_high_certainty" invoked above; i.e.. performing a Monte 
Carlo simulation. 
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/• Given theabov. two val„e,.a£a^,,,^ 
data. 

There are vanous embodiments that may be used to determine a confidence for the "image area". In ge„en,|. such a 
confidence should nry monotonicalhr with (a) and (b) below; that i, the confidence should increase (decrease) with- 

(a) anmcrease(decrease)in the size of the area. ;,.mr^/..^i, the ar,a is deemed close or rel^^^^^ 

the target MS; and 

(b) an increase (decrease).in the size of the image cluster set (i.e, the number of verified location signature clusters in 

the area that each have a location estimate, from the fOM identified by "rOM_ID". in the "cluster set- 
corresponding to the •'image_cluster_set:" e.g.. the "cluster sef being a "loc_hyp.pt_covering-) 
As one skilled in the art will understand, there are many functions for provkling confidences that vary monotonically 
""^"^ P"^^"'^^' ^'""^ "^i"? "loc_hyp„t_covering". one ™ight be inclined to use the 

.(area)s,zeofthe imageclusterareaas the value for(a).andthe(ardinality)sizeof the i 
(b). Then, the following term might be considered lor computing the confidence: 

(siz«.f(image cluster set area) • {sizeof(image cluster set)) which, in the present context, is equal to 
($iMof("image_area") » ($iieof(-image_cluster_set")). 
However, since confidences are intended to be in the range [-1.1]. a normalization is also desirable for the values 
corresponding to (a) and (b). Acconiingly, in one embodiment, instead of using the above values for (a) and (b) ratios are 
u«d. Thatis.assumingfora"relevanrarea.A(e.g..including an image cluster set area of "loc hyp.pt covering") that 
there « a very high confidence that the target MS is in A. the following term may be used .n place of the term. 
sizeof("image_area"), above: 

min { (5izeof("image_area") / $i2eof(A)]. 1.0 }. puj 

Additionally, for the condition (b) above, a similar m,rmalization may be provided. Accordingly, to provide this 
normalization, note that the term, 

{jiieof(image_area) * prediaion_mapped_cluster_density) [CA|.|j] 
is analogous to sizeof(A) in [CAM]. That is. the express^n of [cil.I.I] gives a threshold for the number of verified loation 

s-gnatureclustersthat are likehr to be needed inonler to haveahigh confidence or likelihood thatthe target NS^^ 
area represented by "image_area-. Thus, the following term may be used for the condition (b): 

min {($izeof(image_cluster_set)/ 

[(sizeof(image_area) * prediaion mapped cluster density]. 1.0} 

(CAI.2) 

As an aside, note that 

Jizeof(image_cluster_set)/(sizeor(image_area) « prediaion_mapped_cluster density] 
is equivalent to 

[sizeof(image_cluster_set)/sizeof(image_area)]/(predittion_mapped_cluster_densicy) 



170 



98,10301 PCT/US97/,S892 
and thij latter term may be interpreted a$ the ratio of: (i) the mapped cluster denjity for "image area" to (ii) an 
approximation of a cluster density providing a high expectation that the target MS is contained in "image_area". 

Note that the product of [CAI .1] and [CAI.2] provide the above desired charaaeristics for calcuUting the confidence. 
However, there is no guarantee that the range of resulting values from such products is consistent with the interpretation 
that has been placed on (positive) confidence values; e.g.. that a confidence of near 1.0 has a ve^ high likelihood that the 
target MS is in the corresponding area, for example, it can be that this produa rarely is greater than 0.8, even in the areas 
of highest confidence. Accordingly, a "tuning" function is contemplated which providesan additional faaor for adjusting of 
the confidence. This factor is. for example, a function of the area types and the size of each area type in "image_area" . 
Moreover, such a tuning function may be dependent on a "tuning coefficient" per area type. Thus, one such tuning funaion 
may be: 



mimbcrofvtaiypti 

mm(S [tC; * $i2eof(area type; in "image_area") /sizeof ("image_area")], 1.0) 



i = l 



Where tCi is a tuning coefficient (determined in background or off-line processing: e.g.. by a Genetic Algorithm or Monte Car 
simulation or regression) for the area type indexed by T. 

Note that it is within the scope of the present invention, that other tuning functions may also be used whose values may 
be dependent on. for example. Monte Carlo techniques or Genetic Algorithms. 

It is interesting to note that in the product of [CAI.I] and [CAI.2]. the "image_area- size cancels out. This appears to 
confiia with the description above of a desirable confidence calculation. However, the resulting (typical) computed value: 

(jiteof(image_cluster_set)J / [max area * predictian_mapped_ciuster_density] [CAI J] 
is strongly dependent on "image_area" since "image clusterjet" is derived from *'image_area" and 
"pn!diction_mapped_cluster_density" also depends on "image_area". Accordingly, it can be said that the product [CAI3] 
above for the confidence does not depend on "raw" area size, but rather depends on a "relevant" area for locating the target 
MS. 

An embodiment of the confidence computation follows: 

•/ 

area ratio < --- min((size«f(image_area) / max_area). 1.0); 
clu$ter_density_ratio < — 

min( ((si2eof(image_clu$ter_$et) / [sizeof(image_area) • (prediaion_mapped_clu$ter_den$ity)]). 1.0 ); 
tunablc_con$tant <---ger_mr«fe/ice_tamg_cMsaai(misijni)://Ki^^^^^ in the comment above 
confidence < - (tunable_con$unt) * (area ratio) • (cluster_density_ratio); /Ahis is in the range [0. 1] 
ilETURN(confidence): 
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} ENDOF confidence_adjuster 



get^compositejredictlon^mapped^cluster^dens 

(FOM_ID, image_area); 

r The present function determines a coniposite predia»n mapped cluster density by determining a composite prediaion 
mapped cluster density for the area represented by "image.area" and for the Fim Order Model identified by "FOM 10". The 
steps herein are also provided in flowchan form in fig. 28. 

OUTPUT: composite_mapped_density This is a record for the composite prediction 
mapped cluster density. In particular, there are with two fields: 

[ ' m an approximation to the prediaion mapped cluster density for the First 

- Order Model having id. FOM JD; 

(ii) a "reliability" field giving an indication as to the reliability of the -value" field. The reliability 
field is in the range [0. 1] with 0 indicating that the "value" field is wonhiess and the larger the 
value the more assurance can be put in "value" with maximal assurance indicated when "reliability- 
is !.•/ 

{ 

/*Deter.ineafraaionofthe area of "image_area"containedineach area type (if there is only o«..e.g.. dense urban 0^ 
a parfcular transmiuion area type as discussed in the detailed deKription hereinabove, then there would be a fraaion 
having a value of I for this area type and a value of zero for all others). »/ 
composite mapped density < - 0; // initialization 

for each area_,ype interseaing "image_area" do //"area_type" may be taken from a lis. of area types . 
{ J* determine a weighting for "area_type" as a fraaion of its area in "image_area" V 
interseaion <- //f/iP/Tffl(iraagc_arca.^/«s_/o/(area_type)); 
lighting <-.- $iieof(imerseaion)/sizeof(areajraage): 

/• Now compute a prediaion cluster density that highly correlates with prediaing a location of the target MS for this 
area type. Then provide this cluster density as a factor of a weighted sum of the prediaion ci.uer densities of each 
of the area types, wherein the weight for a particular area type's prediction cluster density is the fraaion of the toul 
a«a of "image.area- that is designated this particular area type. Note that the following function call does not 
utilize information regarding the location of "image.area". Accordingly, this funaion may access a precomputed 
table giving predication mapped cluster densities for (f OM_ID. area_type) pairs. However, in alternative 
embodiments of the present invention, the prediaion mapped cluster densities may be computed specifically for the 
area of "image_area" intcnea "areajype". */ 
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prediaion_inapped_denjity < - get_prediction_mapped_,cluster_density_for(fOM_ID. area_type): 
composite_mapped_den$ity <— compojite_mapped_denMty + 

( weighting • prediaionmappeddensity); 

} 

RETURN(coinposite_mapped_den$ity); 
}ENDOF get_compositc_predictlon_niapped_clu$ter_density_with_high_certainty 

get_predictlon_mapped__cluster_density_for(FOM__ID, area type) 
/• The present function determines an approximation to a prediction mapped cluster density, D, for 
an area type such that if an image cluster set area has a mapped cluster density > = D, 
then there is a high expectation that the target MS 140 is in the image cluster set area. Note 
that there are a number of embodiments that may be utilized for this funaion. The steps herein are also provided in flowchart 
form in figs. 29a through 29h. 

OUTPUT: prediction_mapped_cIuster_density This is a value giving an approximation to the 

prediction mapped cluster density for the first Order Model having identity, "f OM_ID". and for the area type 
represented by "area_type" */ 
Introductory Information Related to the Function, 
"g«*_P'*dication_mapped_cluster_density_for" 

It is important to note that the computation here for the prediction mapped cluster density may be more intense than 
some other computations but the cluster densities computed here need not be performed in real time 
target MS location processing. That is, the steps of this funaion may be performed only periodially (e.g.. once a week), for each 
f OM and each area type thereby precomputing the output for this funaion. Accordingly, the values obtained here may be stored in 
a table that is accessed during real time target MS location processing. However, for simplicity, only the periodically performed 
steps are presented here. However, one skilled in the art will undersund that with sufficiently fast computational devices, some 
related variations of this funaion may be performed in real-time. In particular, instead of supplying area type as an input to this 
funaion. a particular area. A. may be provided such as the image area for a cluster set area. or. the portion of such an image area in 
a particular area type. Accordingly, wherever "area_type" is used in a statement of the embodiment of this funaion below, a 
comparable statement with "A" can be provided. 
{ 

mesh < - /<?/_ tnes/fjo^mjd); /* get the mesh for this first Order Model; preferably each cell of "mesh" is substantially 
in a single area type. */ 
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n«x_„br_«.ub.io„s <---^,_^.., 

maximum number of simulations to perform foreitimating the prediction mapped cluster 
density. Note that the output here may always be the same value such as 100 */ 
nbr_$imulationj_perforraed <- 0;// initialization 

whiMnbr_simu.tio„s_performed<=.3x_„hr_simu.ations)do//determi„eaval.^ 

^ density" and a likelihood of this value being prediaiveof an MS loatioo. •/ 

represenutive.ce.l_c.uster_set<-.-,._.,..,„,^_„,,,^^_ 

of th.sfunaion should prt,videadif(eremse.of cell clusters fromacoveringfromWofan(sub)area of 
type, "area.type". There should ideally be at least enough substantially different sets of representative cell 

clusten so that there isadistinctseuofcellclustersforeach simulation number.), further note thatjno^ 
embodiment, each of the "representative cell cluster sets" (as used here) may Include at least a determined 

proport«nof the numberof cells distributed overthearea type. Moreove,.each cell cluster(v,ithina 
representative cell cluster set) satisfies the following: 

A. The««clusterisami„imalcovefing(from"mesh")ofanon-emptyarea.A. oftype^area type" ("A" 
being referred to herein as the associated area for the ceil cluster); 

B. T''««''"fthedusterformacon„e«edarea;notethisisnotabsolutely„ecessary;howeverjtispref^^^^ 
that the associated area "r of "area.type" covered by the cell cluster have a "small" boundary with other 
area types smce the "image_are«" computed below will be less likely to include large areas of other area 
types than "area type;" 

C. There is at least a predetermined minimal number ( > I) of verified location signature clusters from the 
location signature data base whose locations are in the associated area "A". 

0. The cell cluster has no cell in common with any other cell cluster output as an entry in 
"representative_cell_clu$ter_$et" . */ 

.xif(representative_celI_cluster.setisNULL)then/*anotherrepresentat.ecol^^^^^ 
cease further simulation processing here, calculate return values and return •/ 
break; //jump out of "simulation toop" 

else /* (here is another representative colleaion of cell clusters to use as a simulation */ 
{ 

foreach cellcluster. C. in "represontative_cell_clusters" do r determine an approximation to the prediaiveness of the 
mappmgs between: (a) cluster set areas wherein each cluster set area is an area around a (FOM 10) f OH 
estimate that has its corresponding verified location in "C." and (h) the corresponding image a'reas for 
these cluster set areas. Note, the location signature data base includes at least one (and preferably more) 
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loQtion signature clusters having verified locations in each cell cluster C as per the comment at (C) above. 
*/ 

{ random Jist <—rdndomly_selea_verirjed_MSJocsJ/]{q\r^^^^ 

locations from C */ 
mapped_den$ity_sum <— 0; // initialization 

for each verified location, "rand^verif joc". in "random Jist" do /♦ Let X denote the MS 140 estimate by the 

present FOM of the verified location signature cluster of "rand^verif Joe"; let a(X) denote 
the cluster set obtained from the cluster set area (i.e., pt^area) surrounding X; this loop 
determines whether the associated image area for the set C$(X) - X. {i.e., the image area for 
C$(X) without ^-rand verif Joe") includes "rand_vcrif Jic"; i.e., try to predia the location 
area of "rand_veri^_loc^ */ 

{ loc_e$t <"-/^(^A7r_<'j(_^/(rand__verifJoc,fOMJO);/*gettheFOHriS location 
estimate for an MS aaually located at "rand verif loc". ♦/ 
clu$ter_set getJoc_ests_surmnding{\^tjix, mesh); /♦ expand about -|oc_e$t" until a minimal 
number of other location estimates from this f CM arc obtained that are different from 
"loc est", or until a maximum area is reached. Note, "cluster set" could be empty, but 
hopefully not. Also note that in one embodiment of the funaion here, the following funaions 
may be invoked: **gei_min_area_$urrounding." "get_max_area_^surrounding" and 
"get_min_nbr_of_clusters'* (as in "get_adjusted_loc__hyp_list Jor". the second funaion 
of Appendix D): */ 

image_set < - getjmage_ i?>(clu$ter_set); /* "image_$et" could be empty, but hopefully not */ 
image__area ge(Jmage_^area{mzitjMyj* get convex hull of "image_se^^ Mote. "image_area" 

could be an empty area, but hopefully not. */ 
if (rand vcrif_loc is in image_area) 

then /* this is one indication that the mapped cluster density: (sizeof[image_set]/image_area) is 
sufficiently high to be prediaive "^1 
prediaions <"-prediaions + I; 
if (image_$et is not empty) then 
{ 

density < - sizeof(image_set) / sizeof (image area); /* Get an approximation to the mapped duster 
density that results from "image^set" and •*image_area.- Note, that there is no 
guarantee that "image area" is entirely within the area type of "area type." Also 
note, it is assumed that as this mapped cluster density increases, it is more likely that 
"rndm_veril Joe" is in "image_area". */ 
I7S 
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mappedjensity jum <- nupped_den5ity_$Hin + density 

} 

} /• end loop for predicting location of a random MS verified location in cell cluster C. •/ 

total_possible_prediaions<.--si»of(randomjist)://0„eprediaionperelen,ento„list. 
/* Now get ^w/s/pmapped density for the cell cluster C. • / 

avg_mapped_density[n <-mapped_densi,y_sum/,otaLpo„ible_p,rtictions: 
/• Now get the prediction probability for the cell cluster t •/ 
prediction_probability(q < - prediaions / total_possible_p«dictions: 
} /' end loop over cell clusters C in "representative_cell_clusten" •/ 

nbr_simulations_perfomied <- nbr_siniulations_performed + 1; 
.u}.//end else 

./•l.wcu,dbe„ice to usetbesetof pairs (avg.^ppedjens^^ 

dens.tyval.fcrtheareatypetha.givesave,yhigbprediaionpr„bability.However.duetothep^^^^^^^ 
nu.5erofvenf.ed MS locations in.anycells(andcel.clu«ersMbeprediction 

numberofdistina value, such as:0.1/2.andl. Thus. by aven.ging these pairsover the cellclusters of 
••repr,se„utive_cell_cl„sters". the coaneness of the prediaion p«,babilities may be accounted for V 

avg_mapped_clusterjensity (nbr_jiniulationi_perforraedJ < - 

avg_ of_ cell_ m3pped_ «/rax/i'/i'j{avg_mapped_denjity); 
avg_prediaion_pfobability[nbr_$imulation$_performe<J] <-- 

} /* end simulation loop •/ 

the range [0, 1]. •/ 
reliabiiity <- nbr_simulation$_perfornied / max_nbr_simulations: 

if (reliability < sys,em_defined_epsilon) then /• simulation too unreliable; so use a default high value for 

"prEdiaion_roapped_du$ter_den$ity" •/ 
prediaip„_mapped_cluster_density < - get_default_high density_value_for(area type)- 
el« /- s-mulation appears to be sufficiently reliable to use the entries of -avg_mapped_cluster den'sity" and 
*'avg_prediaion_probability" */ 



{ 



/M more easily d^cernible pattern between mapped cluster density and prediction probabiii^^ 
of pairs: 

S = {(avg_mapped_cluster_densi,y[jj. avg_prediaion_probabili.y01)}. so that a mapped cluster density value 
having a high p,ediak,n probability (e.g, 0.9S) may be extrapolated in the next statement. However, if it is 
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determined (in the function) that the M S does not extrapolate well (due to for example all ordered pairs of S being 
clustered in a relatively small region), then a "NULL" value is returned. */ 
predinion_fnapped_clujter_denslty < - 'rapped_chsteryem/iy_exrnipo/3r/o^iyg_mppe<i_ti^^^^^ 

avg prediction probability, 0.95); 
if ( (prediaion_mapp8d_clu$ter_density = = NULL) then 

r set this value to a default "high" valug for the present area type*/ 

prediction_mapped_cluster_den$ity<-get_default_high_density_value_for{area_type); 
else // $0 both "prediaion_mappcd_cluster_density" and it's reliability are minimally OK. 

/• Now take the "reliability" of the "prediction_mapped_cluster_density- into account. Accordingly, as the 
reliability decfV3sesihtn the prediaion mapped cluster density should be imfssed. However, there is a system 
defined upper limit on the value to which the prediction mapped cluster density may be increased. The next 
statement is one embodiment that takes all this into account. Of course other embodiments are also possible. 
*/ 

prediaion_mapped_cluster_density < — 

min {(prediction mapped cluster density / reliability), 

gct_de(ault_high_density_value_for(area_type)}: 
} //end else for simulation appearing reliable 

R£TURN(prediaion_mapptd_cluster_denjity): 

} ENDOf get_prediction_mapped_cluster_density_for 
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Note that ,n .h« second embodiment of the Context Adjusterjt «« various heuristics to 
value of the location hypothesescomingfn,,nthefimOrderHodeh. These heuri^ 
bngu«tic.fuzzy -if-then" n.lese„,body the heuristia.ThatMachfuz:yrulei^^^^ 
subsantal^rdescribedusingnat«^,bng„age-Hketerms.ode«,tevariouspann«ter«^^ 

prol«b%densityfumth,ns.funhernotethattheG,ntextAdiusterand/ortherOM^^ ' 
from LBSs (.^. f„ed location BS tn.nsc,h,ers), via the Location Base Sution Model since such IBS's have well known and accunte 
predetermined locations. 

Re8arfingtheheuristiaofthepresemembodimentofthecomextadjuster.thefollowing.sanexamp^^ 
appear m this embodiment of the Context Adjuster 

If < the season is Fall > then < the confidence level of Distance Model is increased by S%> . 

in theabove sample rule/DbtanceModei-denotesafirstOoierModel utilized by the present i^^^^^^^ 
the fuzzy synemneedsaconcretedefinitionof the termm^nti^itionalexpen system, theterm^ 
setof monthsJorexampte.Septemberthn,ughNovember.in which tn.ditionalsettheo,yisapplied. in t^^^^^^ 
aseadate..seitherinasetoritisnotinaset.e4;.itsdegreeofmembenhipinasetiseither0.indicao^^ 
set.orl..ndkatingthattheemityisintheset.However.thetnuli,ionalsettheo^ 

entities thatfaUon set boundaries. forexampl,at™iitionalexper,systemcouldta^^ 

than^couldforadateofSeptemberlbecauseAuguscaimightbetongtotheset-W-whilethedateS^^^^^^^ 

mMh^isnotadesirabfebehaviorsimeitisextremelydifrcultifnotimpossibtetodetennines^^ 

Howeverjuzzymathematicsallow,forthepossibir.tyofanentitybeto„gingtomukip^^ 

minimum val.«ofOf.ndica.ingthattheco„f.dencetheend.yb,bngstothepa,ticularset is mi^^ 

emity belongs to the particular set is maximum). The "fuzzy boundaries" between the various sets are descnbed by fuzzy membership 

funabns which provkleamembcr^ip function valueforeachvalueontheentire range ofavariabl^^ 

bebngtomuhiple sets simultaneous^.the fuzzy rule base might have more thanone rule that isa 

pnscnbed by the individual rules are averaged via a weighting scheme where each rule is imptemented in proportion to its minimum 

conMence-forfurtherinfonnationreganlingsuchfuzzy heuristic, the following referencesarei.^^^^^^ 
Freiberger. 1993; Cox, 1994; Klir and folger. 1999; Zimmerman. 1991). 

Thus, the r^les defined in the fuzzy rule base in coniunaionwiththemembershiplunctionsallow the heuristicsfor^ 
confidence valuesto be represemedinalinguistic form more readi^ understood by humamthanmanyotherheurinicrepresentatb^ 
thereby malongueasiertomainuinand modify the rules. The fuzzy rule base w«hiis membership funabmcante 
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to a traditional expert syjtem. Thin, since iraditbnal expert jynemi are iiibsetj of (uizy jysieim. an atterrative to a fuzzy rale base ij a 
tiaditional expert system, and it is implicit that anywhere in the description of the current invention that a (mzy rule base an be replaced with 
an expert system. 

Also, these heuristia may evolve overtime by employing adaptive mechanisms including, bin not limited to. genetic algorithms to 
adjust or tune various system values in accordance with past experiences and past performance of the Context Adjuster for increasing the 
accuracy of the adjustments made to toation hypothesis confidence values, for example, in the sample rule presemed above: 

If < the season is Fall >. then < the confident level of Distance Nodel is increased by 5%> 
an adaptive mechanism or optimitation routine can be used to adjust the percent increase in the confidence level of the Distance HodeL for 
example, by accessing themStatusReposii07.agenetkalgorithm is apable of adj^^ 
the loation hypotheses are consistent wkhamajoriiy of the verifiedmioations. In this way^ 

algorithm to improve its performance over time. For further information regarding such adaptive mechanisms, the following references are 

incorporated herein by reference: (Goldberg, 1989; Holland,IW5). for further info 

adaptive mechanisms, the following references are incorporated herein by reference: (Karr, 1991a. 1991b). 

In one embodiment, the Context Adjuster alters the confidence values of location hypotheses aaorting to one or more of the following 
environmental factors: (I) the type of region (e.g.,dcnse urban, urban, rural, etc). (2) the month of the year. (J) the time of day. and (4) the 
operational status of base stations (e.g.. on-line or off-line), as well as other environmental faaors that may substamially impaa the 
confidence placed in a location hypothesis. Note that in this embodimem. each environmental factor has an associated set of linguistic 
heuristia and associated membenhip funaions that prescribe changes to be made to the confidence values of the input toation hypotheses. 

The context adjuster begins by receiving location hypotheses and associated confrience leveU from the Rrst Order Models. The Context 
Adjuster takes this information and improves and refines it based on environmental information using the modules described below. 

B.I COA Calculation Module 

As mentioned above eacli location hypothesis provides an approximation to the MS position in the form of a geometric shape and an 
associated confidence value, a. The COA calculation module determinesacenterof area (COA)foreachrf 

not already provided in a loation hypothesis. The COA Calculation Hodule receives the following informarion from each First Onler Model: (I ) 

a geometrical shape and (2) an associated confidence value, a. The COA calculation b made using traditional geometric computations 

(numerical algorithms ate readily available). Thus, following this step, each location hypothesis includes a COA as a single point that is 

assumed to represent the most likely approximation of the location of the MS. The COA Calculation Hodule passes the foHowing information to 

the fu«ifotionmodute:(l)ageometrical shape assodated with eadi first order model 1^^^ 
associated COA. 



B.2 Fuzzificatton Module 
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reporting for each loation hypothesij, 
Zimmerman, 1991). 

A,,«™™.,«*,.,aC0Aca»M.™„,^..„3«,p,. !.r«a»,p„,*COA™,t.h„»M,.„rta»a.d.H>a.. h*, i„ 
««.»»:ato™*,^,«.,.,a,^,^,,;„0^,^,,„^^„^^^ 

o..d,«»K,,ate.,„„«p,«„|„,,^i^,„^,^^j^^^^_^^^^^^^^^^^^^^^ 

fo„^„„|.COA*a^M«,apart*«*li). f«™pk.,hCOA«.»b«ato«*a.«,Wip,'.™„ 
nte./j„.e,»|,oOJ.S™ib,<ont«„iM„HhMdio<i,m|«ienluBofrt,>,>,'^^^^ 

0ltop».„„,,rt>p»r»,,«™™»rtto,)(..ud,..«fimO*rW,M«l,™c*^^ 
lor each of the N environmennil faaon. 
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The f lazifiation Module passes the N membenhip funaion value matrices described above to the Rule Base Hodule along whh aU of the 
infonnation h originally received ftom the COA Calculation Module. 
BJ Rule Base Module 

The Rule Base Module receives from the f uzzification Module the following information: (I) a geometrical shape associated with each first 
Order Model. (2) an associated confidence value. (J) an associated COA. and (4) N membership funaion value matrices. The Rule Base Module 
uses this mformation m a manner consistent with typial fuzzy rule bases to determine a set of active or applicable rules. Sample rules were 
provided in the general discussion of the Context Adjuster. Additionally, references have been supplied that describe the necessary 
computations. Suffice it to say that the Rule Base Modules employ the information pn)vided by the f uzzification Module to compute confideiKe 
value adjustmems for each of the m location hypotheses. Associated with each confidence value adjustment is a minimum membenhip 
function value contained in the membership function matrices computed in the Fuziifitation Modufc. 

for each location hypothesis, a simple inference engine driving the rule base queries the performance database to determine how well the 
location hypotheses for the first Order Model providing the current location hypothesis has performed in the past (for a geographic area 
surrounding the MS location estimate of tfie currem location hypothesis) under the present environmental conditions. For example, the 
performance database is consulted to determine how well this particular fint Order Model has performed in the past in locating an MS for the 
given tioK of day. month of year, and aiea type. Note that the performance value is a vahie between 0 and I wherein a value of 0 indicates 
that the model is a poor performer, while a value of I indicates that the model is always (or substantially always) accurate in determining an 
MS location under the conditbns (and in the area) being considered. These performance values are used to compute values that are attached to 
the current confidence of the currem location hypothesis; i:e, these performance values serve as the "then" sides of the fuzzy rules; the First 
Order Models that have been effeaive in the past have their confidence levels incremented by large amounts while first Order Models that have 
been ineffeaive in the past have their confidence levels incremented by small amounts. This information is received from the Performance 
Database in the form of an environmental faaor, a First Order Model number, and a performance value. Accordingly, an intermediate value for 
the adjustment of the confidence value for the current location hypothesis is computed for each environmenui condition (used by Context 
Adjuster) based on the performance value retrieved from the Performance Database. Each of these intermediate adjustmem values are 
computed according to the following equation which is applicable to area information: 



adjustmentj' = Da,' — performance_valuej * Dajugpg' 



where a is the confidence value of a particular loation hypothesis. performante_value is the value obtained from the Performance Database. 

rv MAX • 

0%(aoN tt a system pararroier that accounts for how importam the information is being considered by the context adjuster, furthermore, 
this parameter is initially provided by an operator m, for example, a system start-up configuration and a reasonable value for this parameter is 
believed to be in the range 0.05 to OJ , the subscript j represents a particular environmental factor, and the superscript i represents a particular 
first Order ModeL However, it is an imporrant aspea of the present invention that this value an be repeatedly altered by an adaptive 
mechanism such as a genetic algorithm for improving the MS location accuracy of the presem invention. In this way, and because the rules are 
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Vritttn" u^ing cur^nt perfonnarKe i.tfonnatbn a. ,«„d in «^ 
accurate with time. 

received from ttie f unifiaiion Module. 
B.6 Defuzzification Module 



- ^ 



Summary 

TI»ConttxtAdjusteru«.nviro„«lfaaorinforn.tK.n3ndpastperfor^^^ 

ad|u«.the cur.„uonWen. values. It .t™v«i„form3.„„f.^ 

PeHon„anceDaubase,andco.p.esadiu«a«„..o.heco„«e„ce^^^^ 

.mp,t.vetheaccu,acyofi«cBlcubt»n.ThealgorithmfortheComtAdju,ttrisinc^^^^ 
Algonthm BE.B: Pseudocode for the Context Adjuster. 

Context.Adjuster (geometries, alpha) 

the process. 
•/ 

// pseudo code for the Context Adjuster 

//assume Input from each of i models includes a 
//geographical area described by a number of poinu 



182 



wo 98/10307 PCT/US97/15892 
//and a confidence value alpha{i). alpha i$ such 
//that if it is 0.0 then the model is absolutely 
// sure that the MS is not in the prescribed area; 
// if it is 1.0 then the model is absolutely 
// sure that the MS is in the prescribed area. 

//calculate the center of area for each of the i model areas 

for i = I to number_of_models , 
afculate center of area // termed coa(i) from here on out 

//extract information from the "outside worid"or the envinnment 

find time_of_day 
find month_of_year 
find number_of_BS_availabl€ 
find number_of_BS_reporting 

//calculate percent^coverage of base stations 

percent^coverage = 100.0 » (number_ofJS_reporting/number_of BS available) 

//use these i= 4 environmental factors to compute adjustments to the i confidence values 
//associated with the i models - alpha(i) 
fori = I to number_of_model5 // loop on the number of modek 
forj = I tonumber^envjactors // loop on the number of environmental facton 
fork = I tonumber_ofJuz2y_clas$es //loop on the number of classes 

// used for each of the environmental 

//faaon 

//calculate mu values based on membership function definitions 

calculate mu(i,j,k) values 

//go to the performance database and extract current performance information for each of the i 

//models, in the ft fuzzy classes, for the j environmental factors 
fetch peffonnance(i j,k) 

//calculate the actual values for the right hand sides of the fuzzy rules 

delta_alpha(i,j.k) = pcrformance(i,j,k) * delta_alph3_max(j) 
//deha_alpha_max(j) is a maximum amount each environmenul 
// faaor can alter the confidence value; it is eventually 
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//compute a weighted average; this is traditional fuzzy mathematics 

delta^alpha(ij.k) = sum[mu(ij.k) * delta_alpha(ij.k) /sum(mu(ij.k)] 

end toop on k //number of fuzry clasjes 

//compute final delta alpha values 

delta_alpha(i) = sum[delta_alpha(ij)] 

end loop on j // number of environmental faaon 
alpha(i) -f = delta_alpha(i) 
end toop on i // number of models 



// send alpha values to blackboard 

send delta_alpha(i) lo blackboard 



//see if it is time to interact with a genetic algorithm 
if(in_pfDgrej$) 

then continue to calculate alpha adjustments 
else 

all the genetic algorithm to adjust alpha_max parameters and mu f unaions 
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APPENDIX E: Historical Data Confidence Adjuster Program 



Historica l_data_confrde nce_ad jus te r( loc_hy p) 

r This funttion adjusts the confidence of loation hypothesis, "locjyp". according to how well its location signature cluster fiu with verified 
loation signaturB dusters in the loation signature data base. */ 

{ 

mesh <---/f/^/7W'j4_/&/(loc_hypiOH ID);//each FOM has a mesh of the Loation Center service area 

covering < - get^mesh^ covering^ of^MS^ estimte^ /&/(loc hyp); /* get the cells of •'mesh" that minimally cover the most 

peninem urget MS estimate in "loc^hyp**. ♦/ 
lotalj)€r_un(t_errDr < — 0;// initialization 

(or each cell, C, of "covering" do /* determine an error measuiBment between the loation signature cluster of "loc^hyp" and 

the verified location signature clusters in the cell ♦/ 

{ 

centroid <— /f/_«w//Kw(C); 

error obj < DB_Loc_Sig_Error_Fk(centroid, C, loc_hyp.loc_sig_clu$ter, "USE ALL LOC SIGS IN 

OB"); 

/* The above funrtion call computes an error object, "error^obj". providing a 
measure of how similar the location signature cluster for "loc hyp" is with the verified 
location signature clusters in the loation signature data base, wherein the verified 
location signature clusters are in the area represented by the cell. C. See APPENDIX C 
fordeuilsofthis funaion, */ 
total jer_unit_error < — toial per unit^error -f [error_obj.error*error_obj.confidence/sizeof(C)]; 

/* The above statement computes an "error per unit of cell area" term as: 
[error_obj.error * error^objxonfidence / sizeof(q], wherein the error is Che term: 
error_obj.error * error obj-confidence. Subsequently, this error per unit of cell 
area term accumulated in "lotal relative error'* ♦/ 

} 

avg per unit crror <-- total jer_unit_error/nbr_celI$jn(mc$h); 

/* Now get a tunable constant, "tunable consunt", that has been determined by the Adaptation Engine 1382 

(shown in Pigs, S, 6 and 8), wherein "tunable constant" may have been adapted to environmental charaaeristia */ 
tunable constani < getjuneBble consmi^ /^/("Hisiorical location Reasoner", ioc_hyp); 

/* Now decrement the confidence value of "loc hyp" by an error amount that is saled by "tunable constant" 

V 
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loc_hyp.confidence < - loc_hyp.confidente - [avg_per_unlt_error • si«o((covenng) • tunable constaml- 
RETURN(tac_hyp); 

>EH00r Historical_data_confidence_adjuster 
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What is claimed is: 

I. A method for locating wireless mobile stations using wireless signal measurements of wireless signals transmitted between said 
wireless mobile stations and a network of base stations, wherein said base stations in the network are cooperatively linked for 
5 providing wireless communications with said wireless mobile stations, comprising: 

providing a plurality of mobile station location estimators, wherein said location estimators provide location estimates of said 
mobile stations when said location estimators are supplied with location information derived from wireless signal measurements of 
wireless signals transmitted between said mobile stations and the network of base stations; 

generating, by a first and a second of said location estimators, respeaively, first and second different initial location estimates 
10 of a particular one of said wireless mobile stations, using location information derived from wireless signal measurements of wireless 
signals transmitted between said particular mobile station and the network of base stations; 

determining: 

(a) first confklence data for a first location hypothesis of said panicular mobile station, wherein: 

(i) said first location hypothesis provides one of: said first initial location estimate from said first location 

estimator, and a first successive tocation estimate of said particular mobile station, said first successive 
location estimate derived using said first initial location estimate, and 

(ii) said fint confidence data is indiative of a likelihood of said particular mobile station being at a location 

represented by said first location hypothesis; and 

(b) second confidence data for a second location hypothesis of said particular mobile sution, wherein: 

^® (*) second location hypothesis provides one of: said second initial location estimate from said second 

location estimator, and a second successive location estimate of said particular mobile station, said 
second successive location estimate derived using said second initial location estimate, and 
(ii) said first confidence data is indicative of a likelihood of said particular mobile station being at a location 
represented by said first location hypothesis; 
25 deriving a most likeliiiood location estimate of said panicular mobile station, said most likely location estimate being 

dependent on each of: said location estimates of said first and second location hypotheses, and, values of said fint and second 
confidence data. 

2. A method as claimed in Claim I, wherein said wireless signal measurements are from wireless signals communicated between said 
particular mobile station and said network of base stations using an identical communication standard as used when said network of 

30 base stations provide wireless communications with said particular mobile station for a purpose different from estimating a location 
of said particular mobile station. 

3. A method as claimed in Claim 2, wherein said different purpose is one of: providing voice communication, and providing visual 
communication. 

4. A method as claimed in Claim 2. wherein said communication standard is for one of CDMA and TDMA. 
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communication with said particular mobile jtation. 

». A OHM a, ttaimei i, Claim I. .hem. said ii,p .1 ,™,idi.( mMiy 

.ran,»,i„i»g a ..l^m^icaci.,, ^ ».ca,»».«, ,„„ a „„™ >i„ „ a * tavi», ,a^ 
second location estimator; 

».»™«»i,.«™.di.aai»8.*,,„„.,„p,,„„i^.,,,^,.^,„^^„,^^^ ,^ 
wmg the Internet, 

10. A „„W a. <.i.rt i„ aai. ,. „id d,„™,i^ ,„„,^ 

kKa,», e« a«l «id ^ ^, ^^^^^^ .^^^^^ 

(.1) to.,.. b, „a 1«3,„„ ,»i™a,„ „,„^ ^ ^ 

data idtnilifiiig said locaiioiii of aid lira pimlii, o( locatiora: 

(w) ioc,,i.„ .„i™,„ „ ,a ,„ ^^^^ ^_ ^ 

and data Kl>a[,f,,o| jaid lotaticni ol laii ,K.nd ploralio' ol taiioni- 
*»i» .aid lira „^ ^ 

determined using said historical location data of (bl). 

I^A««aKlai™.di«aal™,.w..„i,„,,„p,H»««,i«l„*,ta,„ta»|a«™„,,.„,.,™„^,•„, 
.>™a,„or«id™»,,a»„al„o„p,,,b,a«fak^i,,,«,.^„i„„,.„^ 

d.»™™d.cc.,din|,..a.te,ap™«,,.,aid.«.r™„hca«.n,«a,.,„»MIi„,i™,ia,to^ 

d.»a.„ i,„«n 5aid fira ii,ial taion and a. to, .„ .( „id bmi™ .„i,«., m li« » 
aA™^da„.i™.d,.Ctan....„i„,a,,^a»«.,„idf.ra„^,„,,^ 

da..*,,.,„,a.«a,i...,.«,,aid»».ik,««w.r*h„idta«.„i»,„,i„a,„^ 
Wherein the identified location lias been verified. 
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M. A method as claimed in Claim II. wherein said step of determining includes first obtaining a first colleaion of one or more 
previously identified loaiions, wherein each said previously identified location: 

(a) has a corresponding location estimate in said first set, said corresponding location estimate being for a corresponding one 
of said plurality of mobile stations, and 
5 (b) is approximately a location of the corresponding mobile sution when said location information, derived from wireless 

signal measurements of transmissions between the corresponding mobile station and said network, was initially 
provided to said first location estimator for outputting said corresponding location estimate, 
IS. A method as claimed in Claim 14. wherein said step of determining includes fim calculating said first successive location estimate 
of said particular mobile station from said first initial location estimate using said one or more previously identified locations. 
10 16. A method as claimed in Claim 15. wherein said step of first calculating includes determining said first successive location 
estimate as a f unaion of a convex hull of said one or more previously identified locations. 

17. A method as claimed in Claim IS, wherein said step of determining includes first computing a first value of said first confidence 
data for said particular mobile station being at a location represented by said first successive location estimate, wherein said fint 
value is a funaion of at least one of: (a) a value related to a density of said one or more previously identified locations for said first 

15 successive location estimate, and (b) a value related to a size of an area for said first successive location estimate. 

18. A method as claimed in Claim 17. wherein for said second successive location estimate the following steps are performed: 

(a) second selecting a second set of one or more location estimates of said mobile stations output by said second location 

estimator, wherein said loation estimates of said second set are determined according to, at least, a proximity of said 
location estimates in said second set to said second initial location estimate; 

(b) second obtaining a second colleaion of one or more previously idemified locations, each said previously identified location: 
(i) having a corresponding location estimate in said second set for a corresponding one of said plurality of mobile 
stations, (ii) is approximately a location of the corresponding mobile station when said location information, derived 
from wireless signal measurements of transmissions between the corresponding mobile station and said network, was 
initially provided to said second location estimator for outputting said corresponding location estimate; 

(c) second calculating said second successive estimate of said particular mobile station, wherein said second successive 

estimate is a funaion of said one or more previously known locations of said second colleaion; and 

(d) second computing a second value of said secomi confidence data for said particular mobile station being at a location 

represented by saki second successive locatron estimate, wherein said second value is a funaion of at least one of: (a) a 
value related to a density of said one or more previously klemified tocations of said second colleaion, and (b) a value 
3^ related to a size of said second successive location estimate. 

19. A method as claimed in Claim 1 1, wherein said first confidence data includes a data field for a value indicative of said particular 
mobile station being in an area, wherein said area is determined as a funaion of said first set of location estimates, 

20. A method as claimed in Claim I, wherein said first confidence data includes a data field for a value indicative of said panicular 
mobile station not being in an area represented by said first location hypothesis. 
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Jtation and the network of base stations. 

different from said first collertion. 

to, i„ a « ,|„„i„ 

approximately identical to said second time interval. 
25. A method aj claimed in Claim I. further including: 

J6. A flinM IS ilaimid in Claim 25. IdiHtr includiae: 

P.*™,», a «ond «u« p„«„j a I,W»„<k, o. „id panicula, mm ^ a, a ta,i.a „p„„,„d 
b»»-««n.,«ad.,h,p.«..^„,„,,„,3,„.^,„,„^.,^„,,^^^_^^_^^^^^^^^ 

pair ««„j a »Ka» ,s,i™a,, .b,aiM „c.»l .«a,., aad a ^..^ 

«p»«.la.a<,«all.«,i.» said „bik„a,i,.w.,.hic*,a«n™n,,*,bato^^ 

27..™«a,c.i„d«Ui„2,.h.„i.„«to,i™tab«i,^rf.™Ha..«.„*,,a,i™i™.,,^,„p.rt.„i,,^ 
Jtepj of generating, determining, and deriving. 

28. A method as claimed in Claim 2S, wheniin said fim simulation includes a statistical simulation 

29. A method as claimed in Claim 25. wherein said first simulation includes a Home Carlo simulatbn 

30 Amethodasclaimed in Claiml.wherein at least saw firstand second locatbnestimatorseachu^ 
lollowtng: 

(a) a panern recognition location estimator for estimating a location of said particular mobile su.ion by recognizing a 
pattern of charaaeristics of said location information; 
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(b) a trainable loation estimator for estimating a location of said particular mobile sution by training said trainable 

estimator to learn an association between each location of a plurality o( geographical locations and corresponding 
instances of said location information related to the wireless signal measurements of wireless transmissions with one 
of said mobile sutions at the location; 
5 (c) a triangulation location estimator for estimating a location of said particular mobile station by triangulating on 

measurements of said location information, wherein said measurements are determined from the wireless signal 
measurements o( wireless transmissions between said particular mobile station and at least three of the base 
stations of said network; 

(d) a sutistical location estimator for estimating a location of said particular mobile station by applying a statistical 
10 regression technique; 

(e) a mobile base sution estimator for estimating a location of said particular mobile station from location information 

received from a mobile base station deteaing wireless transmissions of particular first mobile station; 

(f) a coverage area location estimator for estimating a location of said particular mobile station by interseaing wireless 

coverage areas corresponding to each of a plurality of the base stations of said network; 
^ ^ (?) 3 negative logic location estimator for estimating where said particular mobile station is unlikely to be located. 

31. A method as claimed in Claim I. wherein at least said first location estimator includes one of the following: 

(a) an artincial neural network for generating said first initial location estimate by training said anificial neural network 
to recognize a pattern of characteristics of said location information associated with a location from where said 
particular mobile station is transmitting; 
2^ 2 distance estimator for generating said first initial location estimate by determining one or more distances between 

said particular mobile station and the base stations, wherein signal timing measurements, obtained from said 
wireless signal measurements of wireless transmissions between said particular mobile station and one or more base 
stations of said network, are used for determining said one or more distances; 

(c) a statistical estimator for generating said first initial location estimate by applying to said location information one of 
the following sutistical techniques: principle decomposition, least squares, partial least squares, and Bollenger Bands. 

32. A method as claimed in Claim 31. wherein said second location estimator includes a different one of said artificial neural network, 
said distance estimator, and said statistical estimator for generating said second initial location estimate. 

33. A method as claimed in Claim 3 1 8, wherein said distance estimator estimates the location of said particular mobile station by one 
of: a signal time of arrival and a signal time difference of arrival. 

30 34. A method as claimed in Claim I, wherein said fint location estimator includes an artificial neural network, wherein said artificial 
neural network is one of: a multilayer perceptron, an adaptive resonance theo^ model, and radial basis funaion network. 
3S. A location system as cUimed in Qaim I, wherein said fim tocation estimator includes an artificial neural network with input 
neurons for receiving tocation information data related to wireless signal time delay measurements of signal strength for wireless 
transmissions between said particular mobile station and a first colleaion of base stations from said network. 
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36. A method as claimed in Claim 35. whemn for each base station in said first collection, said wireless transmissions between the 
base station and said particuUr mobile station are detected by one of: the base station and said particular mobile sut.on. 

37. A method as claimed in Claim I. wherein said first estimator includes an aaificial neural network with input neurons (or receiving 
data related to wireless transmissions between said particular mobile station and a set of one or more of said base stations, wherein 
for each base station in said set. there is at least one said input neuron for receiving one or mn values indicative of at least one of 
the following conditions: 

(a) the base station is active for wireless communication with said particular mobile station and a pilot signal by the base 

station is deteaed by the particular mobile station; 

(b) the base sution is aaive for wireless communication with said particular mobile station and the base station deteas 

wireless transmissions by said particular mobile station; 

(c) the base station is aaive for wireless communication with said particular mobile station and the base station does not 

detea wireless transmissions by said particular mobile station; 

(d) the base station is aaive for wireless communication with said particular mobile station and said panicular mobile 

station does not detea wireless transmissions by the base sution; 

(e) the base station is not aaive for wireless communication with said particular mobile sution. 

38. A method as claimed in Claim I. wherein said first and second location estimators are different artificial neural networks. 

39. A method as claimed in Claim 38. wherein said first location estimator receives wireless signal time delay measurements of signal 
strength for wireless tnnsmissions between said particular mobile station and a first colleaion of base stations from said network, 
and said second location estimator receives wireless signal time delay measurements of signal strength for wireless transmiss«ns 
between said particular mobile station and a different second collection of base stations from said network wireless signal 
measurements. 

40. A method as claimed in Claim I. wherein said step of deriving includes combining values of said first and second confidence dau 
when said fint and second location hypotheses have location estimates of said panicular mobile station that overlap. 

41. A method as claimed in Claim I , wherein said step of deriving includes combining the values related to: (a) a first likelihood 
measurement, of said first confidence dau, for said panicular mobile station being at a location represented by the first location 
hypothesis, and (b) a second likelihood measurement, ol said second confidence data, for said particular mobile station being at a 
location represented by the second location hypothesis. 

42. A method as claimed in Claim 41. wherein said step of deriving includes: 

determining one or more subareas of a wireless coverage area containing location estimates of said first and second location 
hypotheses; 

determining, when said first and second location hypotheses have location estimates that overlap in a firs, of said subareas. a 
third likelihood measurement for substantially all of said first subarea. wherein said third likelihood measurement is a funaion of 
said fint and second likelihood measurements. 
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43. A method as claimed in Qaim 42, wherein said funaion includes an addition of terms having said first and second likelihood 
measurements. 

44. A method as claimed in Claim I. wherein said step of deriving includes 0. of said first confidence data, for said particular mobile 
station being at a location represented by (he first location hypothesis; 

wherein said step of fuzzifying performs a function for distributing a decreased value of said first likelihood measurement to 
loations outside of a location estimate lor said first loation hypothesis. 

45. A method as claimed in Claim.44, wherein said funaion includes a sigmoid term. 

46. A method as claimed in Claim I. further including an expert system for activating said first location estimator for outputting said 
fint initial location estimate. 

47. A method as claimed in Claim 46, wherein said first location estimator is aaivated by one of: an antecedent of an expert system 
rule, and a consequent of an expert system rule. 

48. A method as claimed in Claim I, further including a step of determining whether to modify one of: said first location hypothesis, 
and said first confidence data according to at least one of: 

(a) an expeaed maximum velocity of said first mobile station; 

(b) an expeaed maximum acceleratwn of said first mobile station; 

(c) a prediaed location of said first mobile station; 

(d) an expeaed wireless signal characteristic of an area containing said first location hypothesis; and 

(e) an expeaed vehicle route. 

49. A method as claimed in Claim 48, wherein said step of determining whether to modify includes aaivating one of an expen system, 
a fuzzy rule inferencing system and a blackboard daemon. 

50. A method as claimed in Claim I, further including a step of storing historical mobile station location data for access during said 
step of determining, wherein said step of storing includes the following substeps: 

(a) storing, for each location of a plurality of mobile station locations, a corresponding colleaion of wireless signal 

measurements of wireless signals transmitted between one of said mobile stations and the base stations of said 
network, wherein said one mobile station resides substantially at said location when said wireless signals are 
transmitted; 

(b) storing, for each location of said plurality of mobile station locations, a corresponding set of location estimates, wherein 

for each of said mobile station loation estimaton and each said set of location estimates, there is a location estimate 
of said set that is generated by said mobile station location estimator, and 
(b) storing, for each of said stored bcation estimates, corresponding Hentification data for identifying a corresponding 
particular one of said locations of said plurality of mobile station locations, wherein said corresponding identification 
data accurately identifies said particular location. 

5 1 . A method as claimed in Claim 50, wherein for at least a first of said corresponding colleaions of wireless signal measurements, 
there is an associated confklence value used lor indicating a consistency ol the corresponding colleaion with other of said 
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loation for said firjtcorrejpondingcolleaion. SH 
''^''^-'^^^^^^^ 

wherein said deviation is determined using a statistical measurement of deviation. 

53. A.ethod as Chimed inClain,52. wherein said statistical .easurenientofde^^^^^^^^ 

54. A method as claimed in Claim 52 further including a means for prohibiting said first c 
of determining when said associated confidence value is outside of a predetermined range 

55. A location system for receiving measurements of wireless signals transmitted between a plurality mobile 



I measuremeni. 



improvement characierized by: 

-a Plonli., „ •„„ taio. fc,™i«i„, ^ „ „a ^ ^_ ^ ^^^^ 

K one of said dau item collections having: 

(al) a representation of the geographical location, 

(a2) a set of said wireless signal measurements corresponding to one ol said mobile stations transmitting from 

approximately the geographical location 
(a3) for each location estimator of said pluraliiy „f location estimators, a corresponding initial location estimate 

generated when said set of said wireless signal measurements is supplied to said location estimator 

ameans forconstructin,foreach Of said .ocationestimators.correspond.ngpredia«n measurements ind 
accuracy of said location estimator, wherein lor each said prediaion measurement, there is: 

(bl) a corresponding seleaed group of said data item colleaions used in determining said prediaion measurement 
(b2) a colleaioi. of mappings, wherein each said mapping is an association between: (i) one of said corresponding 

rnobile station initiallocationestimatesgenerated by said location estimatorusing said wireless measurementsof 
one of said data item collections in said seleaed group, and (ii) the geographical location of the data irem 
colleaion; 

location hypothesis: 

(CI) said location hypothesis has a location estimate of said identified mobile station derived using at least one initial 
location estimate, wherein said initial location estimate is generated by one of said plurality of location 
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estimators, said one location estimator being supplied with signal measurements of wireless signal transmissions 
between said identified mobile station and said network of base stations. 
(c2) said loation hypothesis has a confidence value used for indicating a likelihood of said identified mobile station 
being at a location represented by said location estimate for said location hypothesis, wherein one of said 
5 prediction measuremenu is used in determining said confidence value; 

a most likely mobile station location estimator for determining a most likely location estimate of saki identified mobile station, 
said most likely location estimate being derived using location estimates and confidence values from locatwn hypotheses of saui 
plurality of said loGtion hypotheses. 

56. A method as claimed in CUim S5. wherein said measurements are for wireless signals transmitted in a wireless signal protocol for 
10 voice communication between said identified mobile station and said network of base stations. 

57. A tocation system as claimed in Claim 55, wherein said means for construaing includes means for performing a mobile station 
loation simulation using said stored data item colleaions for determining said prediaion measurement! 

58. A location system as claimed in Claim 55. wherein said means for determining includes a means for deriving the location estimate 
of one of said location hypotheses using a time series of location estimates for said identified mobile nation. 

15 59. A location system as claimed in Claim S5» further including: 

a storage means for storing a population of representations for values of a colleaion of system parameters of said location 
system, wherein said parameters affcrt a performance of said location system in looting mobile stations; 

an adaptnre component for determining one or more of said representations whose values of said colleaion of system 
parameters enhance at least one of: a reliability and an accuracy of said location system in locating said mobile stations; 

wherein said adaptive component uses said plurality of data item collections for providing, for each version of said location 
system determined by different ones of said representations: 

(dl) wireless signal measurements from some of said data item colleaions as input to said version, and 
(d2) for each of said data item colleaions used as input in (dl). said corresponding geographical location for comparing 
with the corresponding most likely location estimate location output by said venion. 

60. A location system as claimed in Claim 59, wherein said adaptive component includes a genetic algorithm embodiment. 

61. A location system as claimed in Claim 55, wherein for at least a fim and second of said plurality of location estimators, each of 
said first and second location estimaton include one of the following: 

(el) an artificial neural network for use in generating said correspomling initial location estimates, wherein said artificial 
neural networic is trained to recognize a pattern of charaaeristics of said signal measurements associated with a 
teatwn from where one of sakf mobile stations is transmitting; 

(e2) a distance estimator for use in generating said corresponding initial location estimates, wherein said distance 
estimator determines one or more distances between one of said mobile stations and the base stations, and wherein 
signal timing measurements, obuined from wireless transmissions between said one mobile station and one or more 
of the base sutions, are used for determining said one or more distances; 
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(e3) a sufi«kal wtimator for u« in generating »id corresponding initial location estimate,, wherein said statistical 
estimator utilizes a statistial regression technique for correlating charaaeristics of measurements of wireless 
signals transmitted between one of said mobile stations and the base sutions with a location for said one mobile 
Station. 

62. A method for locat.ng a mobile sution by receiving wireless signal measurements of wireless signals transmitted between a 
plurality mobile stations and a network of base stations, wherein said base stations in the network are cooperatively linked for 
providmg wireless communication, the improvement charaaerized by: 

providing a mobile station location estimator for estimating locations of said mobile station, such that when said location 
estimator .s supplied with said measurements of wireless signals transmitted between one of the mobile stations and said network of 

base stations. sa,dlocationest,matorgeneratesa.nitial location estimate ofageographical location of saido^^ 
storing a plurality of data item collections, wherein for each of a plurality of geographical loca^^^^^ 

«em colleaions having: (al) a representation of the geographical location, and (a2) a representation of measure^^ 

signals transmitted between one of said mobile stations and the base stations when said one mobile statbn is approximately at the 

geographical location; 

determining, from said initial location estimate, a corresponding adjusted location estimate as a fonaion of historical initial 
tocatwn estimates generated by said mobile station location estimator when supplied with said signal measurements for 
representations of (a2) of said data item collections. 

63. A method as claimed in Claim 62. wherein said step of determining includes the steps of: 

generating additional initial location estimates when said mobile station tocation estimator is supplied with said signal 
measurements for representations of (a2) for said data item colleaions; 

seleaing said additbnal initial location estimates that are within a determined distance of said initial location estimate: and 
denying said corresponding adjusted location estimate using said geographical location representations of (a!) for data item 

colleaions of a paaicular set of said data ,tem colleaions. wherein said additional initial location estimates seleaed in said step of 

seleamg were generated from said signal measurements lor representations ol (a2) lor said data item collections of said particular 

set. 

M. A method as claimed in Claim 62. wherein said geographical tocations represented in (al) of said dau item collections have been 
verified. 

65. AmethodasclaimedmClaim 62. wherein foreach data itemcolleaioninase, of a, least some of said data item con^^^^^^ 
tten^isanassoaated confidence value used forindicatingaconsistency of the representation of (a2) for sai^ 

«.th the represenution of (a2) for other of said data item collections whose geographical location representations (al ) are within a 
determined maximum distance of said geographical location representation of (al) for said data item. 

66. A method as claimed in Claim 65 funher including: 

a step of dKreasing a confidence of a first data item colleaion in said set relative to a confidence for other of said data item 
colleaions of said set. when there is a deviation between the measurements of said representation (a2) for said data item colleaion, 
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and the measuremeau of said reprejentations (a2) for said other data item collections, by more than piedetermined amount, wherein 
said deviation is determined using a sutistical measurement of deviation. 

67. A method as claimed in Claim 66. wherein said step of decreasing includes comparing a time related measurement for said first 
data item colleaion with a value used for identifying said data item colleaions that have more recent representations (a2). 

68. A method as claimed in Oaim 66. wherein said step of decreasing includes computing said deviation by computing a sutistical 
measurement of deviation. 

69. A method as claimed in Claim 68. wherein said sutistical measurement includes one of: a first, a second and a third oitler 
sundard deviation. 

70. A method as claimed in Claim 66 further including a step of prohibiting said first dau item colleaion from being used in said step 
of determining, when said confidence for said first data item is outside of a predetermined range. 

71. A method as claimed in Claim 62. wherein said mobile sution location estimator aaivaas an artificial neural network when 
generating said initial location estimate. 

72. A location system for receiving wireless signal measurements of wireless signals transmitted between a plurality mobile sutions 
and a network of base stations, wherein said base sutions in the network are cooperatively linked for providing wireless 
communication, the improvement charaaeriied by: 

a one or more location estimators for estimating locations of said mobile sutions. such that when said tocation estimators are 
supplied with said measurements of wireless signals transmitted between one of the mobile sutions and said network of base 
Jtations, said one or more location estimators generate initial location estimares. wherein for a particular one of said mobile stations 
at a particular geographical tocation. at least first and second initial location estimates are geneiated; 

a means for gemsrating. for uid fint ami second initial location estimates, first and second adjusted location estimates 
respeaively, wherein: 

(al) said first adjusted location estimate has a corresponding confidence value indiative of a likelihood of the particular 

geographical location being at a location represented by the first adjusted location estimate. 
(a2) said first adjusted location estimate is a funaion of other initial location estimates generated by said location 

estimator that generated said first initial tocation estimate, 
(a3) said second adjusted loation estimate has a correspomling confidence value indicative of a likelihood of the 

particular geographical location being at a loation represented by the second adjusted location estimate, and 
(a4) said second adjusred location estimate is a funaion of other initial tocation estimates generated by said tocation 
estimator that generated said second initial location estimate; 
a most likely estimator for determining a most likely location estimate of the panicular geographical location of the panicular 
mobile sution. said most likely location estimate being derived using said fim ami secoml adjtnted tocation estimates and their 
corresponding confidence values. 

73. A tocatton system, as claimed in Claim 72 funher including an archive for storing a plurality of dau item colleaions for 
determining measurements related to a past performance of said corresponding location estimator generating said first initial 
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location .snnnte. wherein said measuremenu are used in for determining said t^nesponding confidence value for said first adjusted 
location estimate, wherein for each of a plurality geographical locations, there is a corresponding one of said data item colleaions 
having a representation of the geographical location and a representation of measurement of wireless signals transmitted between 
said particular mobile sutions and tlie base sutions. 

74. A location system, as claimed in Claim 73. wherein said means for generating includes a means for constructing said 
measurements, wherein said measurements include values related to a predictiveness of a colleaion of mappings between: (a) a 
cluster of initial location estimates, determined by said corresponding location estimator, for one or more of the mobile stations at a 
plurality of geographical locations, and (b) a corresponding representation of an aauai mobile station location for each of the initial 
location estimates in said duster. 

75. A location system, as claimed in Claim 74. wherein said cluster of initial location estimates are within a predetermined distance of 
said first initial location estimate. 

76. A location system, as claimed in Claim 74. wherein said measurements ar. dependent on a density of said corresponding 
representations of aaual mobile station locations lor the initial location estimates in said cluster. 

77. A location system, as claimed in Claim 74. wherein said measurements are dependem on a size of an area containing said mobile 
station locations of said corresponding representations of aaual mobile station locations for the initial location estimates in said 
cluster. 

78. A location system, as claimed in Claim 72. wherein said comisponding confidence value for said first adjusted location estimate 
indicates a likelihood of said particular mobile sution being outside of an ai«a for said first adjusted location estimate. 

79. A loation system, as claimed in Claim 72 further including a means for partitioning a wireless coverage area having said first and 
second adjusted location estimates into subareas. each subarea having expeaed similar measurements of wireless signals transmitted 
between one of said mobile stations in the subarea and the network of base stations. 

80. A location system, as claimed in Claim 72. further including a means for partitioning a wireless coverage area into subareas. 
wherein each subarea has a corresponding area type charaaerited by wireless signal transmission charaaeristics between locations in 
said subarea and the base stations of said network. 

81. A location system, as claimed in Claim 72. wherein said one or more mobile sution location estimators include one or more of: a 
triangulation mobile station estimator, a trilateration mobile station estimator, a trainable mobile station estimator, a sutistical 
mobile station estimator. 

82. A location system, as claimed in Claim 81. wherein said triangulation mobile station estimator triangulates using one of: a signal 
time of arrival, and a signal strtngth between the associated mobile station and each of three of said base stations. 

83. A location system for wireless mobile stations, as chiimed in Claim 81. whenin said trilateration mobile station estimator 
trilaterates using a signal time difference of arrival between the associated mobile station and each of three of said base stations. 

84. A location system, as claimed in Claim 81. wherein trainable mobile station estimator includes an anificial neural network. 

85. A location system, as claimed in Claim 72. wherein said one or more tocatbn estimaton receives input from a mobile base station. 
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86 J A location system, as claimed in Claim 72, wherein said means for generating includes a simulation means for determining a 
predictiveness of said location estimator that generates said first initial location estimate. 

87. A location system, as claimed in Claim 86. wherein said simulation means includes a statistical simulation for prediaing said 
confidence value said first adjusted location estimate. 

5 88, A location system for wireless mobile stations, as claimed in Claim 87, wherein said sutistical simulation includes a Monte Carlo 
simulation. 

89. A location system, as ciaimed.in Claim 72, wherein, for deriving said most likely location estimate, said most likely estimator uses 
a probability density function for fuzzifying at least said confidence value for said first adjusted location estimate over an area 
outside of said first adjusted location estimate. 
10 90. A location system, as claimed in Claim 72, wherein for a first colleaion of cells of a cell mesh for the wireless coverage area, said 
most likely estimator includes means for determining a likelihood that said particular mobile station is in each cell of said fint 
colleaion. 

91. A location system for wireless mobile stations, as claimed in Claim 90, wherein boundaries between cells said cell mesh are 
substantially coincident with boundaries of a wireless signal area type categorization. 
15 92. A location sysrem for receiving wireless signal measuremenu of wireless signals transmitted between a plurality mobile sutions 
and a network of base stations, wherein said base stations in the network are cooperatively linked for providing wireless 
communication, the improvement charaaerized by: 

an archive for storing a plurality of data item colleaions. wherein for each location of a plurality geographical locations, there 
is one of said data item colleaions having (al ) and (a2): 
20 (al) a representation of the geographial location, 

(a2) a set of said wireless signal measurements corresponding to one of said mobile stations transmitting from 
approximately the geographical location 
a trainable location estimator for generating a geographical location estimate of one of said mobile stations when said 
trainable estimator is supplied with said measurements of wireless signals transmitted between one of said mobile stations and the 
25 network of base sutions. wherein said trainable location estimator learns by associating, for each of at least some of said data item 
colleaions, said geographical location representation (al) of the data item colleaion with said set of said wireless signal 
measurements (a2) of the data item collection. 

93. A location system, as claimed in Claim 92, wherein said trainable location estimator includes a pattern recognition component for 
reaignizing patterns in said wireless signal measurements (a2) for data item colleaions in an area of a wireless coverage area, 
wherein said area is determined using said geographical loation representations (at) of said data item colleaions that have for each 
of their sets of said wireless signal measurements (a2), wireless signal measurements from a same group of said base stations, 

94. A location system, as claimed in Claim 92, wherein said trainable location estimator includes an anificial neural network. 

95. A method as claimed in Claim 94, further including a different trainable toation estimator utilizing a different artificial neural 
network for generating a different geographical location estimate of said one mobile station. 
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96. A method a, claimed in Claim 94. whe^in said anificial „eua. is one of: a mulcilayer perceptron. an adap..e resonance theory 
model, and radial basis funaion network. 

97. A location system as daimtd in Claim 92. whetem said t^nabHocation estimator utili^^^ 

neu«,ns for receivmg wireless signal time delay measurements of signal strength as said measurements of wireless signal 
transmissions between said one mobile station and a first colleaion of base stations from said network. 

98. A method as claimed in Claim 97, wherein for each base station in said first collection, said wireless transmissions between the 
base statin and sa.d one mobile station are deteaed by one of: the base station and said one mobile station. 

99. A method as claimed in Claim 92. wherein said trainable location estimator utilizes an artificial neuni network with inp« 
neurons for recemng data related to wireless transmissions between said one mobile station and a set of one or more of said base 
stattons. wherem for each base station in said set. there is at least one said input neuron for receiving one or more values indicative of 
at least one of the following conditions: 

-ia) the base station is active for wireless communication with said one mobile station and a pilot signal by the base station 
is detected by the one mobile station; 

(b) the base station is aaive for wireless communicatk,n with said one mobile station and the base station de.eas wireless 

transmissions by said one mobile station; 

(c) the base station is aaive for wireless communication with.said one mobile sution and the base station does not detea 

wireless transmissions by said one mobile station; 

(d) the base station is aaive for wireless communication with said one mobile sta.«n and said one mobile station does not 

detea wireless transmissions by the base station; 

(e) the base station is not aaive for wireless communication with said one mobile station. 

100. A location system, as claimed in Claim 92, wherein for at least some of said data item colleaions. each data .tem colleaion 
additionally includes at least some of the following: 

(a) at least one of a make and model of a particular mobile station used in obtaining said representation of (a2); 
- • (b) an identification of at least one of said base stations used in obuining the representation of (a2); 

(c) a value indicative of whether the representation of (al) has been verified as an accume geogniphical location 
estimate of the particular mobile station; 

(de) a value indicative of how consistent the representation of (a2) is with the ^presentations of (a2) for other of said 
data item colleaions; 

(e) timestamp data indicative of approximately when the measurements of wireless signals for the representation of (a2) 

were received by one: the network and said location system; 
(0 iwwer level data related to one or more power levels of said at least one of said base stations used in obtaining said 

measurements for the representation of (a2) for the data item colleaion; 
(g) power level data related to the power level of the panicular mobile station when said wireless signals, lor 

measurements of the representation of (a2) for the data item colleoion. were transmitted. 
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101. A location iystem for receiving wireless signal measurements of wireless signals transmitted between a plurality mobile sutions 
and a network of base sutions, wherein said base stations in the network are cooperatively linked for providing wireless 
communication, the improvement characterized by: 

a plurality of mobile station tocation estimators for estimating locations of said mobile stations, such that when said location 
estimaton are supplied with said measurements of wireless signals transmitted between one of the mobile stations and said network 
of base stations, said location estimators output corresponding initial location estimates of a geographical location of said one mobile 
station, wherein at least two of said mobile station location estimators of said plurality of mobile station tocation estimators include a 
different one of the following (a) through (I): 

(a) a pattern recognition component for estimating a loation of said one mobile station from a pattern in the wireless 

signal measurements of transmissions between the network and said one mobile sution; 

(b) a trainable mobile station location estimating component for estimating a location of said one mobile station. 

wherein said trainable mobile sution location estimating component is capable of being trained to associate: (i) 
each tocation of a plurality of geographical tocattons with (ii) corresponding measurements of wireless signals 
transmitted between a specified one of said mobile stations and the network, wherein said specified mobile station is 
approximately at the locatnn; 

(c) a triangulation component for estimating a locatton of said one mobile station, wherein said triangolation component 

utilizes said measuremenu of wiretess signals between said one mobile station and three of the base stations for 
triangulating a location estimate of said one mobile station; 

(d) a sutistical component utilizing a statistical regression technique for estimating a location of said one mobile station; 

(e) a mobile base sution component for estimating a location of said one mobile station, wherein said mobile base 

sution component utilizes tocation information received from a mobile base sution that deteas said one mobile 
station; 

(0 a negative togic component for estimating an area of where said one mobile station is unlikely to be tocated; and 
a most likely estimator lor determining a most likely location estimate of said one mobile sution. said most likely tocation 
estimate being a funaion of said plurality of tocation estimates. 

102. A location system, as claimed in Claim 101. wherein at least one of said mobile sutton tocation estimators is aaivated by an 
expert system. 

103 A tocation system, as claimed in Claim 101. wherein one or more of said mobile sution locatton estimators are capable of being at 
least one of: added, replaced and deleted by Internet transmissions between said tocation system and a site remote from tocation 
synem. 

104. A tocation system for receiving wireless signal measurements of wiretess signals transmitted between a plurality mobile sutions 
and a network of base sutions. wherein uid base suttons in the network are cooperatively linked for providing wireless 
communicatton, the improvement charaaerized by: 
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a mobile station location providing means for e«in«ting locations of said mobile stations, such that when said providing 
means ,s supplied with said measurements of wireless signals transmitted between a particular one of the nubile stations and said 

network of base station, said providing means determim>safirstcolleaion«foneornK,re location estimatesfors^^^ 
mobile station; 

an expert system for aaivating expcn system rules for one of: (a) modifying one of said location estimates of said first 
collection, and (b) obtaining additional location estimates of the panicuiar location; 

a most likely estimator for determining a most likely location estimate of the particular location, said most likely locatk,n 
estimate being a function of one or more location estimates provided by said expen system. 

105. A location system, as cUimed in Claim 104. wherein said expert system includes expert system rules for modifying a value 
.ndotrng a confidence in said particular mobile station being at a location represented by one of said toation estimates 

106. A mobile location systen, for tocating wireless mobile stations that communiate with a plurality of networked base stations. 

comprising: 

a wireless tntnsceiver means: (a) for at least deteaing a direaion of wireless signals transmitted from a wireless mobile 
station, and (b) for communicating with said networked base stations information related to a location of said wireless mobile 
Station; 

a means for detecting whether a detected wireless sigm,l from said mobile station has been one of: refleaed and deflected- 
a means for estimating a location said mobile station by using wireless signals transmitted from said mobile station that are 
m»t deterted by said means for detecting as om; of: refleaed and deffeaed. 

107. A mobile location system as claimed in Claim 106. wherein said means for detecting includes a me 

dtttance of said mobile station from sakl mobile location system using a signal strength of said wireless signals from said mobile 

station, and (b) a distance of said mobile station fn,m said mobile location system using a signal time delay m^^^^^ 
signal from said mobile station. 

108. A mobile location system as claimed in Claim 1 06. further including 

=■ <»ne or more location estimators for estimating a location of said mobile location system, wherein said at least one of said 
location enimators uses wireless signals transmitted from one of: said networked base stations and a global positioning system. 

109. A mobile loation system as claimed in Claim 1 08. further including 

a deadreckoning means for estimating a change in a location of said mobile location system, wherein said deadreckoning 
means provides incremental updates to said one or more location estimates of said mobile location system output by said at least one 
location estimator. 

1 10. A mobile location system as claimed in Claim 106. wherein said wireless tnnKe^er meam i«^^^^^ 
and a seaored antenna. 

111. Amobile location system as claimed in Claiml06. wherein said means for estimating includesameans 
tocation of said mobile statkm to a vehicle traffic route. 

112. A method for tecating a wireless mobile station, comprising: 
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determining one or more collections of one or more location hypotheses of a location of a particular mobile $tation, wherein, for 
each of said collections, said one or more location hypotheses of said colleaion are obtained using measurements of wireless signals 
transmitted between said particular mobile sution and a network of base stations, wherein said wireless signals are transmitted 
during a time interval different from any other time imerval for transmitting wireless signals whose measurements are used for 
obtaining said location hypotheses for a different one of said collections, and wherein each said location hypothesis of each said 
collection provides access to the following attributes: 

(a) an estimate of the loption of said particular mobile station, 

(b) time related data for determining a measurement of time since the wireless signals, upon which said location estimate of 

the location hypothesis, were transmitted, 

(c) a confidence providing a measurement of a likelihood that said particular mobile station is at a location represented by 

said location estimate attribute of said locatnn hypothesis; 

constructing one or more derived bcation hypotheses, wherein each said derived location hypothesis also has said attributes 
(a) through (c). ami wherein at least one of said attributes, for each of said derived location hypotheses, is determined using said 
attributes of said location hypotheses of said collections; 

estimating a tocation of said particular mobile station using said one or more derived tocation hypotheses. 

1 13. A method as claimed in Qaim 1 12, wherein said step of constructing includes deriving a value for said tocation estimate attribute 
of one of said derived location hypotheses by using said location estimate attributes of location hypotheses in said one or more 
collections. 

1 14. A method as claimed in Claim 1 13, wherein said deriving includes extrapolating said location estimate of said one derived 
location hypothesis from said location estimate attributes of location hypotheses in said one or more colleaions. 

1 15. A method as claimed in Claim 1 12, wherein said step of constructing includes inserting said location hypotheses of said collections 
into one of: an expert system fact base, and a blackboard run-time storage. 

1 16. A method for locating a wireless mobile station, comprising: 

providing at least a first location estimator for estimating locations of a plurality of wireless mobile stations, wherein said first 
location estimator receives as input wireless signal measuremems of wireless signals transmitted between said plurality mobile 
sutions and a network of base stations, wherein for said network, said base stations in the network are cooperatively linked for 
providing wireless communication; 

storing a plurality of data item collections, wherein for each of a plurality tocations, there is one of said data item collections 
having: (a) a representation of the location, and (b) said wireless signal measurements corresponding to one of said mobile stations 
transmitting from approximately the kication; 

aawating said first location estimator with said wireless signal measurements of said data item collections for obtaining 
corresponding mobile sution location estimates; 
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con«n.aingafirstse..f said measuremems for «id firs, location e«in,ator.wh.„m^ 
pred^^nessofacollKtionof mappings t».ween:(a)said corresponding nubile station te^^^^ 
correspondmg mobile station location estimate, a corresponding verified mobile station location; 

gmnting. by said r.nt location estimator, a first initial location estimate from wireless signal measurements of wireless signals 
from tntnsm.ssions between a first of said mobile stations and the base stations, wherein a location of said first mobile station is 
unknown; 

obuining an adjusted location estimate of said first mobik sution. wherein said adjusted location estimate is obtained by using 
a subcolleaioo of said mappings in a neighborhood of said first initial location estimate; 

determining a confidence value related to a likelihood of said first mobile station being at a location represented by said 
adjusted location estimate, wherein said confidence is a function of at least one measurement in said fint ^ 

117. A.^ethodasclaimedinClaimll6.whereinsaidstepofconstruaingincludessimubtingIocatingoneofs^^^ 
usmg «.d corresponding mobile station location estimates and said corresponding verified mobile station loations 

118. A.method as claimed in Claimll7.whereinsa«Jstepof simulating includes performingaMonte Cartel 

1 1 9. A method for locating wireless mobile su.ions from measurements of wireless signals transmitted between the mobile stations 

andanetworkof base stations, whereinfor said network, said base stationsin the networkarecoopetat^^^^ 
wireless communicaiion, comprising; 

storing a plurality of data item colleaions. wherein for each of a plurality location, there is one of said data item colleaions 
havmg: (,) a representation of the location, and (b) said wireless signal measurements corresponding to one of said mobile sutions 
transmutrng from approximately the tocation. wherein said wireless signal measurements are acceptable as input to a wireless 
mobile station location system; 

detennining a colleaion of parameters of said wireless mobile station location system that affect a performance of said wireless 
mobile station location system in locating mobile statwns; 

providing a population of representations for values of said colleaion of parameters to an adaptation component, wherein said 
adaptation component: (a) generates, for said representations, configurations of said wiretess mobile station location system each 
sarf configuration corresponding to the values of one of sakl representation, and (b) determine, for each of at least some of said 
configurations, a location prediaing performance using said plurality of data items for providing wireless signal measurements as 
input and said representations of locations for comparing with mobile station location outputs by the configuration; 

determining a fint of said configurations that an enhanced performance of sakJ wireless mobile station tecation system- 
using said first configuration for derWing a location estimate of a first one said mobile station, wherein said firs^ 
« provides with wireless signal measurements of wireless signals from transmissions between said fint mobile station and the base 
stations, and wherein a location of said first mobile station is unknown. 

120. A method as claimed in Claim A9. wherein said adaptation component includes a genetic algorithm embodiment. 

121. A method for locating a wireless mobile station, comprising: 



204 
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determining a plurality of location estimates of a mobile station, wherein: (a) said location estimates are derived from wireless 
signal measurements of wireless signals transmitted between the mobile station and a network of base stations, wherein for said 
network, said base stations in the network are cooperatively linked for providing wireless communication, (b) said location estimates 
are time ordered; 

obuining an additional location estimate of said mobile station using additional wireless signal measurements transmitted 
between said mobile station and the network of base stations; 

deriving at least one derived Joation estimate of said mobile station that is different from said plurality of location estimates, 
said derived location estimate obtained using one or more measuremenU of a behavior of said time ordered location estimates; 

assigning a likelihood value that said mobile station is at tocation represented by said additional tecation estimate as a function 
of a distance between said additional location and said derived location estimate. 

122. A method as claimed in Claim 121, wherein said measurements determine at least one of: a speed of said mobile station, a 
direaion of said mobile station, a change in speed of said mobile station, and a change in direaion of said mobile station. 

123. A method as claimed in Claim 121 further including a step of assigning a likelihood value to said derived location estimate as a 
function of a charaaeristic of an environment of an area containing said plurality of location estimates, wherein said charaaeristic is 
expeaed to affea the beliavior of said lime ordered location estimates. 

124. A method as claimed in Claim 123, wherein said charaaeristic is one of: a traffic route, a waterway, an abrupt change in 
elevation, a weather condition, a density of buildings having a predetermined height. 



20S 



wo 98/10307 



PCT/US97/1 5892 



1/54 




c 
o 

O) 

O 

c 
c 

o 

(/) 
c 
o 

ro 

c 

E 
E 
o 
o 



£ 



wo 98/10307 PCT/US97/15892 

2/54 




wo 98/10307 

FCI/US97/1S892 

3/54 




wo 98/10307 



PCT/US97/15892 




wo 98/10307 



FCT/US97/1S892 



5/54 




wo 98/10307 



PCT/US97/15892 



6/54 




*VO 98/10307 ^ 

PCT/US97/15892 

7/54 




wo 98/10307 



PCT/US97/15892 



8/54 




wo 98/10307 



9/54 



PCT/US97/15892 



S2 

e 

o 

Oh 
>- 

:z 



< 
o 
o 

-J 
< 

O 

(JU 



CJ 

to 

< 
< 



-5 

•S 
o 

-8 



rS 



S I: 



o «? 



CO w» 



TO ;2 

5 » 



Q 



"8 4i 
(JU OO 



I 
§ 



-a 

c 



2 " 



is 



.5 



- w 
5 ^ 



CO 



:5 
o 
p. 



^ oo 



oo 



*o 5 



•a 



5 
-5 



.5 



- <- .2 



8 5 



QO ''^ " 3 

c «'» "s; 



•2 fc: 



■§ Si 



4j O 



O V ^ ^ 

O _ OS <TJ 



18 



8 



S 5.' 



"oo 



—1 *» o 

U w ^ 



o § • 



•= g S ^ 
t_ !7 ^ = 

«q «d 
2 o *^ 

^ 2 § ^ 
5 J3 :5 

V l3 
S II *5 f- 

5 i: s 2 

n * - *» 52 

s.| f ^ 

«« <3 <Q «i£ 

"o •^''^ "Sj 
jr oo -a oo 

3 I 8 5 

2 : ^ " 
o . ^ -S 

^ S{ o 

Q. ^ 

^ 3 E ^ 

^ a « c 

~ 4j 52 o 

2 •£ trt o 
~ c Iq 13 

■— . ^ tn 

§ll i 

jC > «J c 
— CO CO - ^ 

-^^^-^ 

3 3 I § ^2 
f ^ U I 1 



^3 



.£ 5 *f ^ 

« o r ^ ^ 

- s - 2 

5 = = u 

n w CO o(j to 



«C, i3 5. 

5^ « g o 

5 S S :^ 



Q 
-3 



■3 
o 
p. 



i3 -rs 



i 1 

.tZ to 

to ^ 

« E 



8-1, 



^ o 
22 <i 



5> 



1^ f 



w .5 w 



o -z: 

H 

.2 ^ 



4> 

J J 

«i — 



<3 o 



i-2 



c is 



a § 

II 
i s 

•I? 



5 a 



2j ^ 
v'2. 



s 

Q 
O 



5; op 2 



a : 



> 



CJ 



•S 

o 



■? o .1 

c 

o ^ 

«^ 5 ^ 

-£=5 

- -5 "H 

oo C 



-5 

E 



wo 98/10307 



PCT/US97/i5892 




wo 98/10307 



11/54 



PCT/US97/15892 




wo 98/10307 



12/54 



PCT/US97/15892 




wo 9S/iG3C7 



13/54 



PCT/US97/I5892 



o 



o 



CO 

o 



JO 

o 
o\ 



o 

OS 



eg 
o 

ON 



o 



1 8 




wo 98/10307 PCTAJS97/15892 

14/54 




p. of length _^ f-^«..^* 

R = 106 a1=F1(W1*p+b1) a2=F2(W2*a1+b2) 



Figure 14: Neural Network Architecture: 2 of 3 Layers shown 
(Dense Urban Canyon) 
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UPDATE_LOC_SIG.DB(NEW_LOC.OBJ. SELECTION.CRITERlA. LOG SIG POP) 
Q START J 



100 DB 



YES 



IS "NEW_LOC_OBJ" IN THE LOCATION 
SIGNATURE DATA BASE? 



108 DB 

\ 



^NO 


r Jt / 




INSEK 1 •NEW_LOC OBJ" IN THE 




LOCATION SIGNATURE 




DATA BASE 1320. 
1 1 — ' 



I 



DB_SEARCH_AREA J— GET A REPRESENTATION OF 
A GEOGRAPHICAL AREA SURROUNDING 
, THE LOCATION ASSOCIATED WITH 
"NEW_LOC_OBJ" 



112 DB 



116 DB 



1 



DB_LOC_SIGS-.-GET ALL THE LOC SIGS IN THE 
LOCATION SIGNATURE DATA BASE THAT 
SATISFY THE CRITERIA OF 
"SELECTION.CRITERL^" AND THAT ARE 
ALSO IN "DB_SEARCH AREAP 



NEARB Y_LOC_SIG_BAG GET THE LOC SIGS FROM 
•'DB_LOC_SIGS", WHEREIN FOR EACH LOC SIG 
GOTTEN, THE DISTANCE BETWEEN THE 
LOCATION ASSOCIATED WITH THE LOC SIG GOTTEN 
AND THE LOCATION ASSOCIATED WITH 
"NEW_LOC_OBJ" IS CLOSER THAN. E.G 
SOME STANDARD DEVIATION (SUCH AS A 
SECOND STANDARD DEVIATION) OF THE 

DISTANCES BETWEEN LOC SIGS OF "DB LOC SIG^" 
AND "NEW_LOC OBJ". 



120 DB 



LOC_SIG— GET THE FIRST (NEXT) LOC SIG IN 
"NEARBY LOC SIG BAG". 



FIG. 17A 
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124 DB 



\ 



I 

JL 



LOC— A REPRESENTATION OF THE 
LOCATION ASSOCIATED WITH 
"LOC SIG" 



± 



BS-^ET THE BASE STATION 122 ASSOCIATED WITH 

"LOC SIG" 



MARK "LOC_SIG" SO THAT IT CANNOT BE RETRIEVED 
FROM THE LOCATION SIGNATURE DATA BASE. 



128 DB 



132 DB 



DB_SEARCH_AREA2^GET A REPRESENTATION OF A 
GEOGRAPHICAL SERVICE AREA .ABOUT LOC SIG 
INCLUDING "NEW LOC OBJ". 



156 DB 



138 OB 



/ 



LOC_SIG_BAG-^ CREATE LOC SIG BAG DATA STRUCTURE 
HAVING ONLY THE SINGLE ITEM. "LOC SIG". 



INVOKE THE PROGRAM, 

"DETERMINE_LOCATION_SIGNATURE_FIT_ERRORS", FOR 
DETERMINING AN ERROR IN HOW SIMILAR "LOC_SIG" IS WITH 
OTHER VERIFIED LOC SIGS IN THE LOCATION SIGNATURE 
DATA BASE. IN PARTICULAR. IN'VOKE THIS PROGRAM WITH 
THE FOLLOWING PARAMETERS: 

(A) "LOC", 

(B) "LOC_SIG_BAG"; 

(C) "DB_SEARCH_AREA2"; 

(D) "LOC_SIG_POP" FOR INDICATING THE VERIFIED LOC 
SIGS IN THE LOCATION SIGNATURE DATA BASE TO 
WHICH "LOC_SIG" IS TO BE COMPARED; 

(E) AN INDICATION OF THE OUTPUT DESIRED. WHICH 
IN THIS CASE, IS AN ERROR RECORD RELATED TO 
"LOC SIG". 



140 DB 



UNMARK "LOC_SIG" SO THAT IT CAN BE 
RETRIE\^D FROM THE LOCATION 
SIGNATURE DATA BASE. 



FIG. 17B 



144 DB 
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YES 




IS THERE ANOTHER LOC SIG 
i IN ■•NEARBV_LOC_SIG_BAG"? 



148 DB 




152 DB 



ERROR_REC_SET^THE SET OF ALL ERRORS RETURNED 



INVOKE THE PROGRAM, 

"REDUCE_BAD_DB_LOC_SIGS". FOR REDUCING 
THE CONFIDENCE OF THE LOC SIGS WHOSE 
CORRESPONDING ERRORS ARE RELATIVELY HIGH 
ALSO. DELETE ANY LOC SIG WHOSE CONFIDENCE 
BECOMES TOO LOW. 



INVOKE THE PROGRAM, 

"INCREASE_C0NFIDENCE_0F_GOOD_DB LOC SIGS" FOR 
INCREASING THE CONFIDENCE OF THE LOC sfcS 
WHOSE CORRESPONDING ERRORS ARE RELATIVELY 



i 



\ 



156 DB 



LOW 




\ 



160 DB 



FIG. 17C 
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ESTIMATE_LOC,SIG_FROM_DB (LOC_FQR ESTIMATION. BS, BS_SIG_BAG) 

C START ^ 



APPLY PRE-PROCESING CONSTRAINTS TO ACCOUNT FOR 
DISCREPANCIES BETWEEN (a) CURRENT 
CONDITIONS, AND (b) PAST CONDITIONS WHEN 
THE VERIFIED LOC SIGS OF ••LOC_SIG_BAG" WERE 
COLLECTED; i.e., APPLY CONSTRAINTS TO TAKE 
INTO ACCONT ADDITIONAL KNOWLEDGE 
REGARDING DISTINCTIONS BETWEEN THE 
CONDITIONS RELATED TO THE PRESENT WIRELESS 
ENVIRONMENT, TYPE AND STATUS OF THE BASE 
STATION OF "BS" IN COMPARISON TO THE 
CONDITIONS OCCURRING FOR THE LOC SlGS OF 
"LOC_SIG BAG " 



DID THE PRE-PROCESSING CONSTRAINTS YIELD A RESULT 
INDICATING THAT ANY SUBSEQUENTLY DERIVED LOC SIG 
X^STIMATE WOULD BE EXCESSIVELY UNRELL^BLE? 

l^ES ~~ — -1 



FOR EACH OF THE LOC SIG SIGNAL 

TOPOGRAPHY CHARACTERISTICS C OF A LOC 
SIG VARIABLE, "EST_LOC_SIG", 

(A) DETERMINE A SMOOTH SURFACE 
S(C), OF MINIMAL CONTOUR 
VARIATION FOR THE SET OF POINTS 
{(X,Y,Z) SUCH THAT (X,Y) IS A 
LOCATION AND Z IS A VALUE OF C AT 
THE LOCATION (X,Y) FOR SOME LOC 
SIG IN "LOC_SIG_BAG"}; 

(B) INTERPOLATE/EXTRAPOLATE A 
VALUE FOR THE C-COORDINATE OF 
"EST_LOC_SIG" AT THE LOCATION 
"LOC_FOR_ESTIMATION" 



i 



0 



RETURN 



S™!^™ '""'''^ ™ "^'^"INED LOC SIG FIELDS 
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GET_AR£A_TO_SEAKCH (LOC) 
START ^ 

LOC_AREA_TYP E^-GET2l^ TYPE(S) FOR " 



LOC" 
AREA 



SAVED_SEARCH_AREA-^ SEARCH_AREA 



SEARCH_.au.A_l .PES' GET THE (FUZZY LOGIC) aST 
TYPE (S) FOR "SEARCH AREA" 

" T 



MIN_ACCEPTABLE_NBR_LOC SIGS^ 0 



AREA_TYPE^ GET FIRST 

(NEXT) AREA TYPE IN 
"SEARCH_AREA TYPES' 



YES 




DOES "AREA_TYPE" REFERENCE 
;;^A NEW AREA TYPE? 



NO 




i 



TOTAL_ NBR_LOC_SIGS-^THE 
NUMBER OF 
VERIFIED LOC SIGS IN 
THE LOCATION 
SIGNATURE DATA BASE 
1320 HAVING A LOCATION 
(THE "MS_LOC" 
ATTRIBUTE) IN 
"SEARCH_AR£A" 



-?;^T'rr''xfo^^'^^^'-^-^'^^-LOC SIGS- 
- TOTAL_NBR_LOC_SIGS"? 



NO 



RETURN 
SAVED SEARCHED AREA 



FTG. 22A 
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SAVED_SEARCH_AR£A— SEARCH AREA 



i 



SEARCH_AREA-f- GET A 
SMALLER AREA FOR 
■•SEARCH_AREA", 
WHEREIN THIS SMALLER 
AREA STILL CONTAINS "LOC". 



AREA_PERCEN1^PERCENTAGE OF AREA FOR 
"SEARCH_AREA" THAT IS OF THE T^q>E 
"AREA_TYPE", OR, USING FUZZY LOGIC 
HAVING A FUZZY VALU E A BO VE A 
PREDETERMINED THRESHOLD 



I 



MIN_ACCEPTABLE_NBR_LOC_SIGS 

MIM_ACCEPT.ABLE_NBR_LOC_SIGS + 
[(MINIMUM ACCEPTABLE VERIFIED LOC SIG DENSITY 

FOR "AREA_TYPE") * (SIZEOF(SEARCH AREA) * 
(.^EA_PERCENT/ 100)] ~ 

" -J 



FIG. 22B 
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SEARCHCRJTERJA) 
C^VtaRT^^ fig. 23 A 



INITIATE THE DIFFERENCE ACCUMULATION 
PARAMETER. "ERRnR" TO ZERO 

1 



FILTER_BAG ^ GET A COLLECTION OF FILTER OBJECT*; FRn"^ 
THE SIGNAL PROCESSING SUBSYSTEM 1220 FOR 
TRANSFORMING THE "TARGET LOC SIG" 
[[^^'[[^^'^^0-^OC_SlG'\ AND THE Lo'c SIGS OF 
•COMPARJSON_L0C_SIG BAG" INTO LOC SIGS HAVFMr 
COMPARABLE ATTRIBUTES; i.e.. WHElSS N tSe mc S^r. 

??p7op MT^r^^ ^^^^ obta;5?ed7S?SI'sTme 



I 



S?C^-' ^R^PTVo^'^c "'^'''TER.BAG AS needed TO THE LOC 
.SIGS . Ya^OC ^'J': :^^^J'MATnD_LOC_S.G", AND Se 
LOC SIGS OF ■'COMPARJSON_LOC_SIG". 



C 



■ 'NEXT) LOC SIG SIGNAL TOPOGRAPHY 

BJm>.' COORDINATE (AS IS. FOR E;^LE. 
DESCRIBED IN (25.7) OF TI-TE SPECIFICATION). 



NO 




WAS A NEW "C" OBTAINED? 



YES 



VARIABILITY_MEASMT.VAL ^ GET A STATISTIC 

MEASURING THE RANGE FN VARIABILITY OF THF -r- 
COORDINATE OVER THE POPULAtIon oJlOC SIGS 
IN "COMPARISON LOC SIG BAC." 



i 



ERROR_aEC.ERROR 
ERROR 



ZJ 



NO, SO THERE ARE ENOUGH 
LOC SIGS IN 
"COMPARJSON_LOC_SIG_BAG" 



ghV^ 



IS THE NUMBER OF LOC SIGS IN 
"COMPARlSON_LOC_SIG_BAG" < AN 
EXPECTED MINIMUM THRESHOLD FOR 
A SERVICE AREA CI L^RACTERIZED BY 
"SEARCH_AR£A" AND 
;SEARCH_CRJTER1A"? 



YES 
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VARJABILITY^MEASMT^CONF^REDUCTION_FACTOR ^ 1,0 



DETERMINE A MEASUREMENT OF THE CONFIDENCE THAT CAN 
BE PLACED FN "ERROR^REC.ERROR''; e.g., 
n:RROR_IU:C.CONFIDENCE <- 
MIN(TARGET^LOC_SlG.CONFIDENCE. 
[(THE AVERAGE CONFIDENCE OF THE LOC SIGS IN 
*-COMPARISON_LOC_SIG_BAG") ♦ 

(VARJABILITY_MEASMT_CONF^R£DUCTION^FACTOR)J) 



RETURN (ERROR^REC) 



DETERMINE A VALUE FOR REDUCING THE 
CONFIDENCE TO BE PLACED IN 
"VARJADILITY_MEASMT>VAL"; e.g., 

VAI^ABILi rY^MEASMT_CONI'_RiiDUCTI0N_FACTOR <- 

SIZEOF(COMPARJSON)^LOC_SIG^BAG/ 

(THE EXPECTED MINIMUM THRESHOLD) 



DETERMINE A DIFFERENCE MEASUREMENT ("DELTA'O IN THE 
'*C-' COORDINATE BETWEEN ^TARGET LOC^SIG'* AND 
"ESTIMATED^LOC^SIG"; e.g., DELTA ^TliE ABSOLUTE 
VALUE OF (TARGET_LOC_SIG[C] - ESTIMATED_LOC^SIG[C]) 



ERROR 4- ERROR + (DELTAA^AR1ABILITY_MEASMT.VAL) 





j IS DELTA > 

X VARIABILITY_MEASMT.VAL? 



FIG. 238 
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204CA 

V 



GET_.^JUSTED_LOC_HYP_LIST_FOR(LOC_HYP) 

START ^ 



FIG. 26 A 



LOC_HYP_LIST— CREATE AN EMPTY NEW 

LOCATION HYPOTHESIS LIST AND PUT "LOC HYP" 
ON THIS LIST. 



208CA 



212CA 



MESH— GET A MESH OF AREA CELLS RELATED TO THE 
FIRST ORDER MODEL THAT GENER.'\TED "LOC HYP" 



I 

JL. 



PT_MIN_ AREA— GET A "SMALL" AREA .ABOLT AN 

ESTIMATED TARGET MS POINT LOCATION PROVIDED BY 
"LOC_HYP". WHEREIN THIS AREA INCLUDES ONE OR 
MORE MESH CELLS SURROUNDING THE TARGET MS 
POINT LOCATION. 



216CA 



220CA 



INITIALIZE A VAJUABLE, "AREA", WITH "PT_MIN_AREA" 



1 



PT_MAX_AREA— GET A MAXIMUM AREA ABOUT THE 

ESTIMATED TARGET MS POINT LOCATION PROVIDED BY 
"LOC HYP". '^^Di 



r 




MIN_CLUSTERS^ GET THE MINIMUM NUMBER OF PREVIOUS 
MS 140 LOCATION ESTIMATES, L. THAT ARE DESIRED IN 
THE AREA, "AREA", FOR SUBSTANTIALLY 
RELYING ON HISTORICAL MS LOCATION DATA IN THE 
LOCATION SIGNATURE DATA BASE 1320 FOR ADJUSTING 
THE CONFIDENCE AND/OR THE TARGET MS ESTIMATED 
LOCATION, WHEREIN EACH SUCH MS ESTIMATE WAS 
GENERATED BY THE SAME FIRST ORDER MODEL THAT 
GENERATED "LOC_HYP". 



220CA 



224CA 



1 



PT_EST_BAG— GET THE MS POINT LOCATION ESTIMATES 
FOR EACH PREVIOUS MS LOCATION ESTIMATE L 
COUNTED IN THE PREVIOUS STEP. 
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232CA 



i 

WHILE THE NUMBER OF POINT LOCATION ESTIMATES IN 
"PT_EST_BAG" IS LESS THAN "MIN.CLUSTERS" AND "AREA- 
REPRESENTS AN AREA LESS THAN OR EQUAL TO 
"PT_MAX_AREA": (A) REPEATEDLY INCREASE "AREA" 

(B) RECALCULATE "MIN_CLUSTERS" FOR 
"AREA" ACCORDING TO STEP ''74CA 

(C) RECALCULATE "PT_TEST_BAG" FOR 
^ "AREA" ACCORDING TO STEP 228CA 



± 



ASSIGN THE RESULTING VALUE FOR "AREA" AS THE VALUE FOR 
THE "PT_COVERJNG" ATTRIBUTE OF "LOC HYP". 



236CA 



240CA 



252CA 



NO 




IS "PT_EST_BAG' 
EMPTY? 



YES (SO CANNOT 
ADJUST 



DETERMINE THE VALUE. MIN{(SIZE OF 
(PT_EST_BAG)/MIN_CLUSTERS),1.0} AS 
A CONFIDENCE .ADJUSTMENT 
COEFFICIENT: ASSIGN THIS VALUE TO 
THE PARAMETER, 
"CLUSTER_RATIO_FACTOR". 



44CA 



"LOC_HYP") 




SET THE 




"IMAGE AREA 




ATTRIBUTE OF 


"LOC_HYP" TO NULL. 



(RE- 



RETURN WITH 
"LOG HYP LIST" 



256CA 1 "AREA" REPRESENT AN AREA LARGER 

T THAN THE AREA FOR "PT MAX AREA"? 



NO 




248CA 



YES (SO "AREA" IS TOO BIG TO ENTIRELY 
IGNORE INITIAL MS LOCATION ESTIMATE AND 
CONFIDENCE). 



I 

I 

T 



260CA 



FIG. 26B 



NEW_LOC_HYP^ CREATE A 

DUPLICATE OF "LOC_HYP" WITH THE 
"IMAGE_AREA" ATTRIBUTE SET TO NULL 
AND WITH THE CONFIDENCE VALUE 
LOWERED BY THE COEFFICIENT 
(1.0 - CLUSTER_RATIO_FACTOR) 
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I ADD "NEW_LOC_H\T" TO "LQC_HYP_LISt''^! 



276CA 



IMAGE_CLUSTER_SET-^ GET THE \-ERJFIED LOCATION 
SIGNATURE CLUSTERS IN THE LOCATION 
SIGNATURE DATA BASE FOR WHICH THERE ARE MS 
POINT LOCATION ESTIMATES IN "PT EST BAG" 



IMAGE_.AREA— GET A ••S^LALL•• .AREA CONT.AINING THE 
VERIFIED LOCATION SIGNATURES IN 
"IMAGE_CLUSTER SET" 



264CA 



h 



268CA 



Jl 



272CA 



ASSIGN THE VALUE OF "IMAGE_AREA" TO THE 
"IMAGE_AREA" ATTRIBUTE FIELD OF "LOC HYP". 



280CA 



CONFIDENCE^ INVOKE THE FUKCTION. 

"CONFIDENCE_ADJUSTER". FOR DETERMINING A 
CONFIDENCE VALUE FOR THE T.\RGET MS BEING IN 
THE AREA FOR "IMAGE_AREA" THE INVOCATION 
INPUT VALUES ARE: "L0C_HYP.FOM_ID" 
"IMAGE_AREA'\ "IMAGE_CLUSTER SET' ' 



I 

JL 



ASSIGN THE VALUE OF: "CONFIDENCE • 
284CA CLUSTER_RATIO_F ACTOR" TO THE "CONFIDENCE- 
ATTRIBUTE OF "LOC HYP". 



288CA 




RETURN WITH 
'LOC HYP LIST- 



FIG, 26C 



wo 98/10307 



41/54 



PCT/US97/15892 



I 

a: 

C/3 



cj 

I 



< 



Q 

B 

< 

UL] 

u 

z: 

LU 

9 

o 
o 



H 

< 



cu 

CO 



^ < 

< UJ 
^ m O < 

LU 

c>n r- 
LU 3 — ■ 

O ^ 2 
I U < ^ 

.'-) UJ r-- 

= o 
=.< S 

^ 2: 



r— >- oo 

u e- ^ 



i 



CO < 

^ - ^ ^ O 
fc: oo £: Q O 

£t ^ ^ oo 

^ LU Q- ili OO 

{- 2 h 

UJ UJ H 5 g 

g u S ^ 
^ C 5 t 

i Q 2 ' ^ 

- c- UJ < e: 
^ =: UJ 
rZ <■ !_ ce: - 

2 ~ I ^ 
UJ UJ 

oe: (_ ^ t— 
UJ O 2 - <-> 

&5 C UJ Qi 2 

Z2 UJ Q o ^ 
-1 >- lL ? 

a. oo -J < n 
s s 2 £ o 

^ 8 ^ 2: s 

H- n O LU 
y P P ^ ^ 

UJ 

a. 



CO 
LU 



< 

LU 
< 



CI ^ 
^ < 

"1 o 



3: = 
Z o 



LU GO 



< < 

Ui LU 

2 — 

= LU 
. LU 

§21 

c>o rs) ^ 

< C/5 C; 



< E < 

2 -1^ K 

< O - 



d 



LU 

< 

I 

X 



UJ 
< 



▼ 

g 
< 



wo 98/10307 



42/54 



PCT/L'S97/15892 




d 



O 

2; 



w\j y«/iuj07 



43/54 



PCT/US97/15892 



Fig. 28 A 
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(57) Abstract 



A location system is disclosed for commercial wireless telecommunication infrastructures. The system is an end-to-end solution 
having one or more location centers for outputting requested locations of commercially available handsets or mobile stations (MS) based 
on, e.g., CDMA, AMPS, NAMPS or TDMA communication standards, for processing both local MS location requests and more global MS 
location requests via, e.g., Internet communication between a distributed network of location centers. The system uses a plurality of MS 
locating technologies including those based on: (I) two-way TOA and TDOA; (2) pattern recognition; (3) distributed antenna provisioning; 
and (4) supplemental information from various types of very low cost non- infrastructure base stations for communicating via a typical 
commercial wireless base station infrastructure or a public telephone switch network. 
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AMENDED CLAI\fS 

I received by the [nternational Bureau on 27 March 199& (27.03.98); 
original claims 1-124 replaced by new claims 1-47 (32 pages)| 

!• A method for locating a wireless mobile station 

using wireless signal measurements obtained from 

transmissions between said mobile station and a plurality 

of base stations capable of wirelessly detecting said 

5 mobile station, comprising: 

providing first and second mobile station location 

estimators/ wherein said location estimators provide 

location estimates of said mobile station when said 

location estimators are supplied with data obtained from 

0 wireless signal measurements obtained from transmissions 

between said mobile station and the base stations, wherein: 

(A) said first location estimator performs one or 

more of the techniques when supplied with said wireless 

signal measurements: 

5 (a) a triangulation technique to determine, for, 

each of three or more of the base stations, one of: a 

distance and a wireless signal angle of arrival between the 

mobile station and the base station using the wireless 

signal measurements; 

0 (b) a learning technique, wherein said learning 

technique determines an association for associating: 

the wireless signal -measurements, and data 

indicative of a location for the mobile station, 

wherein said association is determined by a 

5 training process using a plurality of data pairs, 

each said pair including: first information 
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indicative of a location of some mobile station, 
and second information from wireless signal 
measurements between said some mobile station and 
one or more of the base stations when said some 
mobile station is at the location; 
(c) a stochastic technique, wherein each said 
stochastic technique uses a statistical correlation for 
correlating: 

the wireless signal measurements, and 
data indicative of a location for the mobile 
station, 

wherein said correlation is used for determining 
a probability that the mobile station is within 
an area, and 

le^st a particular one of said techniques 
performed by said first location estimator, said second 
location estimator does not perform said particular 
technique when supplied with said wireless signal 
measurements; 

first supplying said first location estimator with 
first data obtained from the wireless signal measurements; 

first generating, by said first location estimator, 
first location related information having at least a first 
estimate for the mobile station's location; 

second supplying said second location estimator with 
second data obtained from the wireless signal measurements; 

207 

AMENDED SHEET (ARTICLE 19) 



20 



25 



wo 98/10307 



PCTAJS97/15892 



second generating, by said second location estimator, 
second location related information having at least a 
second estimate for the mobile station's locations- 
determining a resulting location estimate of the 
mobile station using: (a) a first value obtained from said 
first location related information, and (b) a second value 
obtained from said second location related information. 

2. A method as claimed in Claim 1, further including 
a step of receiving said measurements during a wireless 
communication between said mobile station and said 
plurality of base stations for contacting an emergency 
response center. 

3. A method as claimed in Claim 2, further including 
a step of transmitting said resulting location estimate to 
the emergency response center during said wireless 
communication . 

4. A method as claimed in Claim 1, wherein said step 
of providing includes: 

transmitting through a telecommunications network, said 
first location estimator from a source site to a site 
having said second location estimator; 

operably integrating said first location estimator with 
said second location estimator for performing at least said 
step of determining. 
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5. A method as claimed in Claim 4, wherein said step 
of transmitting includes sending an encoding of said first 
location estimator using the Internet. 

6. A method as claimed in Claim 1, further including 
a step of retrieving at least one of (al) and (bl) : 

(al) first historical location data having: (i) a 
first set of historical location estimates 
generated by said first location estimator for 
wireless signal measurements obtained from 
transmissions between one or more mobile stations 
and said plurality of base stations at a first 
plurality of locations, wherein a distance 
between at least one of said location estimates 
of said first set, and said first estimate of 
said mobile station's location is determined to 
be less than a first predetermined value, and 
(ii) data identifying said locations of said 
first plurality of locations; 
(bl) second historical location data having: (i) a 
second set of historical location estimates generated by 
said second location estimator for wireless signal 
measurements obtained from transmissions between one or 
more mobile stations and said plurality of base stations at 
a second plurality of locations, wherein a distance between 
at least one of said location estimates of said second set, 
said second estimate of said mobile station's location is 
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determined to be less than a second predetermined value, 
and (ii) data identifying said locations of said second 
plurality of locations. 

7. A method as claimed in Claim 1, further 
including, for at least one location estimate of said first 
and second estimates, a step of obtaining one of a 
likelihood value and a probability that a location of said 
mobile station is in said one location estimate, wherein 
said likelihood value is obtained using historical location 
estimates generated by the location estimator that 
generated said one location estimate when the location 
estimator is supplied with wireless signal measurements 
obtained from transmissions between one or more mobile 
stations and said plurality of base stations at a plurality 

15 of locations. 

8. A method as claimed in Claim 1, wherein said step 
of providing includes providing some one mobile station 
location estimator, wherein said one mobile station 
location estimator generates an estimate of where said 

20 mobile station is unlikely to be located. 

9. A method as claimed in Claim 1, wherein said 
wireless signal measurements - are obtained from 
transmissions between said mobile station and said 
plurality of base stations, wherein said transmissions 

25 occur within an interval of time wherein one of: said 
mobile station is expected to be in substantially a same 
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location, and said interval is less than a predetermined 
duration. 

10. A method as claimed in Claim 1, wherein one of: 
said first data ' includes said second estimate, and said 
second data includes said first estimate. 

11. A method as claimed in Claim 1, further 
including: 

performing a first simulation for predicting a 
likelihood of said mobile station being at said first 
estimate, wherein said simulation uses pairs of location 
representations, a first member of each pair including a 
location estimate obtained from said first location 
estimator and a second member of the pair including a 
representation of an independently determined location of 

a mobile station used for obtaining wireless signal 

measurements that are obtained from transmissions with said 

plurality of base stations. 

12. A method as claimed in Claim 1, wherein at least 

one of said first and second location estimators each 

utilize one of the following: 

(a) a pattern recognition location technique for 
estimating a location of- said mobile station by 
recognizing a pattern of characteristics of said 
data obtained from wireless signal measurements; 

(b) a mobile base station estimator for estimating a 

location of said mobile station from location 
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information received from a mobile base station 
detecting wireless transmissions of said mobile 
station; 

(c) a coverage area location technique for estimating 
5 a location of said mobile station by intersecting 

wireless coverage areas for different sets of one 
or more of said base stations; 

(d) a negative logic location for estimating where 

said mobile station is unlikely to be located. 
^0 13. A method as claimed in Claim 1, wherein at least 

one of the following holds: 

(a) said learning technique is capable of providing an 

artificial neural network for generating a mobile 
station location estimate by training said 
artificial neural network to recognize a pattern 
of characteristics of location information 
obtained from said wireless signal measurements; 

(b) said triangulation technique is capable of 
providing the distances between the mobile 

20 station and said three or more of the base 

stations using one or more of: a wireless signal 
time of arrival, a -wireless signal time 
difference of arrival, a wireless signal strength 
indication; 

25 (c) said stochastic technique is capable of providing 

said statistical correlation using one of: 
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principle decomposition, least squares, partial 
least squares, and Bollenger Bands. 

14. A method as claimed in Claim 1, wherein said 
first location estimator includes an artificial neural 
network, wherein said artificial neural network is one of: 
a multilayer perceptron, an adaptive resonance theory 
model, and radial basis function network. 

15. A method as claimed in Claim 1, wherein said step 
of determining includes deriving a likelihood measurement 
that said mobile station is in said resulting location 
estimate, wherein said likelihood measurement is dependent 
upon a first likelihood measurement that said mobile 
station is in said first estimate, and a second likelihood 
measurement that said mobile station is in said second 
estimate . 

16. A method as claimed in Claim 1, further including 
a step of deriving one of said first estimate, said second 
estimate, and said resulting location estimate using one 
of: 

(a) an expected maximum velocity of said mobile 
station; 

(b) an expected maximum acceleration of said mobile 
station; 

(c) an expected route of said mobile station. 
17. A location system for locating a mobile station, 
wherein said mobile station is one of a plurality of mobile 
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Stations, and wireless signal measurements are capable of 
being obtained from wireless transmissions between the 
plurality of mobile stations and a plurality of base 
stations, the improvement characterized by: 
5 one or more location estimators, each said location 

estimator for estimating a location for each of one or more 
individual mobile stations of the plurality of mobile 
stations, when said location estimator is supplied with 
data from a set of said wireless signal measurements 
10 obtained from wireless transmissions between the individual 
mobile station and said plurality of base stations; 

an archive for storing a plurality of data item 
collections, wherein for each geographical location of a 
plurality geographical locations, there is one of said data 
15 item collections having (al) and (a2) : 

(al) a representation of the geographical location, 

and 

(a2) wireless signal measurements corresponding to 
one of the plurality of mobile stations transmitting 
20 from approximately the geographical location of (al) ; 

a performance estimator for determining, for each one of 
said location estimators, corresponding one or more 
performance measurements indicative of a previous 
performance of said one location estimator in locating one 
25 or more of the plurality of mobile stations, wherein said 
corresponding performance measurements are determined using 
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location estimates generated by said one location estimator 
when said set of (a2) , for some of said data item 
collections, is supplied to said one location estimator; 

a controller for activating a group of at least one of 
said location estimators for generating corresponding 
location estimates of said mobile station when a first said 
set of wireless signal measurements is. obtained from 
wireless transmissions between said mobile station and said 
plurality of base stations, wherein one or more location 
hypotheses are generated, each said location hypothesis 
having: 

(bl) an hypothesized location estimate of said 
mobile station obtained using the corresponding 
location estimate generated by a location estimator of 
said group, 

(b2) a likelihood value indicating a likelihood of 
said mobile station being at a location represented by 
said hypothesized location estimate of (bl), wherein 
said corresponding performance measurements for said 
location estimator providing the location estimate of 
(bl) are used in determining said likelihood value; 
a location estimator for de-termining a resulting 
location estimate of said mobile station, said resulting 
location estimate being derived using said hypothesized 
location estimates and said likelihood values from said one 
or more location hypotheses. 
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18. A method as claimed in Claim 11, further 
including a step of transmitting said resulting location 
estimate to an emergency response center during a wireless 
communication wherein said first set of wireless signal 

5 measurements is obtained. 

19. A location system as claimed in Claim 17, further 
including an hypothesis estimate generator for generating 
one of said hypothesized location estimates using a time 
series of location estimates for said mobile station output 

10 by said one or more location estimators. 

20. A method for locating a mobile station, wherein 
said mobile station is one of a plurality of mobile 
stations, and wireless signal measurements are capable of 
being obtained from wireless transmissions between the 

15 plurality mobile stations and a network of base stations, 
wherein said base stations in the network are cooperatively 
linked for providing wireless communication with each of 
the mobile stations, the improvement characterized by: 

providing a mobile station location estimator for 

20 estimating locations of one or more individual mobile 
stations of said plurality of mobile stations when said 
location estimator is supplied with said wireless signal 
measurements obtained from wireless transmissions between 
the individual mobile station and said network of base 

25 stations; 
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Storing a plurality of data item collections, wherein 
for each of a plurality of geographical locations, there is 
one of said data item collections having: 

(al) a representation of the geographical location, 
5 and 

(a2) a representation of said wireless signal 
measurements between one of the mobile stations and the 
base stations when said one mobile station is approximately 
at the geographical location of (al) ; 

.0 generating, from said wireless signal measurements 

between said mobile and said base stations, an initial 
location estimate of said mobile; 

obtaining a first set of one or more additional location 
estimates generated by said location estimator, wherein 

5 each said additional location estimate is generated from 
said representations of wireless signal measurements of 
{a2) for one of said data item collections, and wherein at 
least a majority of said additional location estimates are 
within a predetermined distance of said initial location 

0 estimate; 

deriving an adjusted location estimate from said initial 
location estimate using a second set of said geographical 
location representations of (al) for said data item 
collections whose representations of wireless signal 
5 measurements of (a2) were used to generate one of said 
additional location estimates of said set. 
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21. A method as claimed in Claim 20^ wherein said 
step of deriving includes determining an area boundary of 
said adjusted location estimate as a function of said 
geographical locations in said second set. 
5 22. A location system for locating mobile stations 

from received wireless signal measurements obtained from 
tranismissions between said mobile stations and a network of 
base stations, wherein said base stations in the network 
are cooperatively linked for providing wireless 
10 communication, the improvement characterized by: 

one or more location estimators for estimating locations 
of said mobile stations, such that for each of said mobile 
stations, when said location estimators are supplied with 
measurements of wireless . signals obtained from 
15 transmissions between: 

the mobile station, at a corresponding geographical 
location from which the mobile station is 
transmitting, and 
said network of base stations, 
20 at least one location estimate is generated; 

a location estimate adjuster for deriving a first 
adjusted location estimate from a first location estimate 
generated by a first of said location estimators supplied 
with said wireless signal measurements obtained from 
25 transmissions between: (i) a particular one of said mobile 
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Stations, at a particular location, and (ii) said base 
stations, wherein: 

(al) said first adjusted location estimate has a 
corresponding confidence value indicative of a 
likelihood of the particular geographical 
location being a location represented by the 
first adjusted location estimate, 
(a2) said first adjusted location estimate is 
determined using additional location estimates 
generated: (i) previously to the generation of 
said first initial location estimate, and (ii) by 
said first location estimator; 
a most likely estimator for determining a most likely 
location estimate of the particular geographical location 
of the particular mobile station, said most likely location 
estimate being derived using said first adjusted location 
estimate and its corresponding confidence value. 

23. A location system, as claimed in Claim 22, 
wherein, said location estimate adjuster includes a 
statistical simulation module for deriving a one or more 
likelihood values indicative of said first location 
estimator generating mobile station location estimates that 
include their corresponding geographical locations. 

24. A location system, as claimed in Claim 22, 
wherein, said most likely estimator includes a probability 
density function for fuzzifying at least said confidence 
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value for said first adjusted location estimate over an 
area outside of said first adjusted location estimate. 

25. A location system for locating mobile stations 
from received wireless signal measurements obtained from 
transmissions between said mobile stations and a network of 
fixed location transceivers, wherein said transceivers in 
the network are cooperatively linked for providing wireless 
communication with said mobile stations, the improvement 
characterized by: 

an archive for storing a plurality of data item 
collections, wherein for each location of a plurality 
geographical locations, there is one of said data item 
collections having (al) and- (a2) : 

(al) a representation of the geographical location, 
(a2) a set of said wireless signal measurements 
obtained from transmissions between one of said mobile 
stations and said fixed location transceivers, wherein 
the one mobile station transmits from approximately 
the geographical location; 
a plurality of trainable location estimators, each said 
trainable location estimator for generating a geographical 
location estimates for said mobile stations, wherein for 
each said trainable location estimator: 

(bl) there is a corresponding group of wireless 
signal measurement parameters, wherein for said 
trainable location estimator to generate a location 
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estimate of an individual one of said mobile stations, 
at least some of said parameters must be instantiated 
with values obtained from transmissions between said 
individual mobile station and said fixed location 
5 transceivers/ 

(b2) there is a different corresponding group of 
wireless signal measurement parameters for another of 
said trainable location estimators, and 

(b3) said trainable location estimator learns by 
10 associating, for each of at least some of said data 

item collections, said geographical location 
representation (al) of the data item collection with 
said set of said wireless signal measurements (a2) of 
the data item collection; 
15 a location estimator selector for selecting one or more 

of said plurality of trainable location estimators for 
generating mobile station location estimates, wherein when 
each of said selected location estimators has its 
corresponding group of wireless signal measurement 
2 0 parameters instantiated with values obtained from 
transmissions between one of said mobile stations and said 
fixed location transceivers, said selected location 
estimator generates a location estimate of the one mobile 
station; 

25 wherein for locating a particular one of said mobile 

stations, said location estimator selector selects a 
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particular set of said trainable location estimators whose 
corresponding group of wireless signal measurement 
parameters can have at least some said parameters 
instantiated using wireless signal measurements obtained 
from transmissions between said particular mobile station 
and said fixed location transceivers; 

a location estimator for determining a resulting 
location estimate of said particular mobile station^ said 
location estimator receiving location estimates from 
trainable location estimators of said particular set. 

26. A location system, as claimed in Claim 25, 
wherein at least one of said trainable location estimators 
includes an artificial neural network. 

27* A method as claimed in Claim 25, further 
including a different trainable location estimator 
utilizing a different artificial neural network for 
generating a different geographical location estimate of 
said one mobile station. 

28. A method as claimed in Claim 26, wherein said 
sj^tificial neural network is one of: a multilayer 
perceptron, an adaptive resonance theory model, and radial 
basis function network, 

29. A method as claimed in Claim 25, wherein said 
trainable location estimator utilizes an artificial neural 
network with an input neuron for receiving a value related 
to wireless transmissions between said particular mobile 
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Station and a particular one of said fixed location 
transceivers, wherein said value is indicative of at least 
one of the following conditions: 

(a) said particular transceiver is active for 
wireless communication with said particular 
mobile station and a pilot signal by said 
particular transceiver is detected by said 
particular mobile station; 

(b) said particular transceiver is active for wireless 

communication with said particular mobile station 
and said particular transceiver detects wireless 
transmissions by said particular mobile station; 

(c) said particular transceiver is active for wireless 

communication with said particular mobile station 
and said particular transceiver does not detect 
wireless transmissions by said particular mobile 
station; 

(d) said particular transceiver is active for wireless 

communication with said particular mobile station 
and said particular mobile station does not 
detect wireless transmissions by said particular 

transceiver; 

(e) said particular transceiver is not active for 
wireless communication with said particular 
mobile station. 
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30. A location system for receiving wireless signal 
measurements of wireless signals transmitted between a 
plurality mobile stations and a network of base stations, 
wherein said base stations in the network are cooperatively 
linked for providing wireless communication, the 
improvement characterized by: 

a plurality of mobile station location estimators for 
estimating locations of said mobile stations, such that 
when said location estimators are supplied with said 
measurements of wireless signals transmitted between one of 
the mobile stations and said network of base stations, said 
location estimators output corresponding initial location 
estimates of a geographical location of said one mobile 
station, wherein at least two of said mobile station 
location estimators of said plurality of mobile station 
location estimators include a different one of the 
following (a) through (f ) : 

(a) a pattern recognition component for estimating a 

location of said one mobile station from a, 
pattern in the wireless signal measurements of 
transmissions between the network and said one 
mobile station; 

(b) a trainable mobile station location estimating 
component for estimating a location of said one 
mobile station, wherein said trainable mobile 
station location estimating component is capable 
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of being trained to associate: (i) each location 
of a plurality of geographical locations with 
(ii) corresponding measurements of wireless 
signals transmitted between a specified one of 
said mobile stations and the network, wherein 
said specified mobile station is approximately at 
the location; 

a triangulation component for estimating a 
location of said one mobile station, wherein said 
triangulation component utilizes said 
measurements of wireless signals between said one 
mobile station and three of the base stations for 
triangulating a location estimate of said one 
mobile station; 

a statistical component utilizing a statistical 
regression technique for estimating a location of 
said one mobile station; 

a mobile base station component for estimating a 
location of said one mobile station, wherein said 
mobile base station component utilizes location 
information received from a mobile base station 
that detects said one mobile station; 
a negative logic component for estimating an area 
of where said one mobile station is unlikely to 
be located; and 
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a most likely estimator for determining a most likely 
location estimate of said one mobile station, said most 
likely location estimate being a function of said plurality 
of location estimates. 
5 31. A location system, as claimed in Claim 30, 

wherein one or more of said mobile station location 
estimators are capable of being at least one of: added, 
replaced and deleted by Internet transmissions between said 
location system and a site remote from said location 
10 system. 

32, A location system for receiving wireless signal 
measurements of wireless signals transmitted between a 
plurality mobile . stations and a network of base stations, 
wherein said base stations in the network are cooperatively 

15 linked for providing wireless communication, the 
improvement characterized by: 

a mobile station location providing means for estimating 
locations of said mobile stations, such that when said 
providing means is supplied with said measurements of 

20 wireless signals transmitted between a particular one of 
the mobile stations and said network of base stations, said 
providing means determines a first collection of one or 
more location estimates for said particular mobile station; 
an expert system for activating expert system rules for 

25 one of: (a) modifying one of said location estimates of 
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said first collection, and (b) obtaining additional 
location estimates of the particular location; 

a most likely estimator for determining a most likely 
location estimate of the particular location, said most 
likely location estimate being a function of one or more 
location estimates provided by said expert system. 

33. A location system for locating wireless mobile 
stations that communicate with a plurality of networked 
base stations, comprising: 

a wireless transceiver means: (a) for at least detecting 
a direction of wireless signals transmitted from a wireless 
mobile station, and (b) for communicating with said 
networked base stations information related to a location 
of said wireless mobile station; 

a means for detecting whether a detected wireless signal 
from said mobile station has been one of: reflected and 
deflected; 

a means for estimating a location of said mobile station 
by using wireless signals transmitted from said mobile 
station that are not detected by said means for detecting 
as one of: reflected and deflected. 

34. A location system as claimed in Claim 33, wherein 
said means for detecting includes a means for comparing: 
(a) a distance of said mobile station from said mobile 
location system using a signal strength of said wireless 
signals from said mobile station, and (b) a distance of 
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said mobile station from said location system using a 
signal time delay measurement of wireless signal from said 
mobile station, 

35. A location system as claimed in Claim 33, further 
5 including 

one or more location estimators for estimating a 
location of said location system, wherein said at least one 
of said location estimators uses wireless signals 
transmitted from one of: said networked base stations and 
10 a global positioning system. 

36. A location system as claimed in Claim 35, further 
including 

a deadreckoning means for estimating ' a * change in a 
location of said location system, wherein said 
15 deadreckoning means provides incremental updates to said 
one or more location estimates of said mobile location 
system output by said at least one location estimator. 

37. A method for locating a particular wireless 
mobile station using measurements of particular wireless 

20 signals, wherein at least one of: said measurements and 
said particular wireless signals are transmitted between 
said wireless mobile station antl at least one of a 
plurality of transceivers, wherein said transceivers are 
capable of at least wireless detection of a plurality of 

25 wireless transmitting mobile stations including said 
particular mobile station, comprising: 
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providing a first and second mobile station location 
estimators, wherein each of said location estimators is 
capable of providing a location estimate for each mobile 
station of at least some of said mobile stations when said 
location estimator is supplied with corresponding data 
obtained from received wireless signal measurements 
communicated between the mobile station and one or more of 
said plurality of transceivers, wherein: 

said first location estimator performs one or more 
triangulation techniques, wherein each said 
triangulation technique determines for each of 
one or more of said mobile stations, and for each 
transceiver of a set of three or more of said 
transceivers, a distance between the mobile 
station, and said transceiver, each said distance 
determined from data resulting from received 
measurements of wireless signals communicated 
between the mobile station and said transceiver, 
and 

said second location estimator does not perform any said 
triangulation technique; 
first supplying said first location estimator with first 
corresponding data obtained from received wireless signal 
measurements communicated between said particular mobile 
station and one or more of said plurality of transceivers; 
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second supplying said second location estimator with 
second corresponding data obtained from received wireless 
signal measurements communicated between said particular 
mobile station and one or more of said plurality of 
5 transceivers; 

first generating, by said first location estimator, 
first location related information having at least a first 
estimate for the mobile station's location; 

second generating, by said second location estimator, 
0 second location related information having at least a 
second estimate for the mobile station's location; 

determining a resulting location estimate of the mobile 
station using: (a) a first value obtained from said first 
location related information, and (b) a second value 
5 obtained from said second location related information. 

38, A method for locating a particular wireless 
mobile station using measurements of particular wireless 
signals, wherein at least one of: said measurements and 
said particular wireless signals are transmitted between 
) said wireless mobile station and at least one of a 
plurality of transceivers, wherein said transceivers are 
capable of at least wireless detection of a plurality of 
wireless transmitting mobile stations including said 
particular mobile station, comprising: 
> providing a first and second mobile station location 

estimators, wherein each of said location estimators is 
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capable of providing a location estimate for each mobile 
station of at least some of said mobile stations when said 
location estimator is supplied with corresponding data 
obtained from received wireless signal measurements 
5 communicated between the mobile station and one or more of 
said plurality of transceivers, wherein: 

said first location estimator performs one or more 
global positioning techniques, wherein each said 
global positioning technique determines for each 
10 of one or more of said mobile stations, 

corresponding data resulting from received 
measurements of wireless signals from one or more 
global positioning satellites, said corresponding 
data for determining a location of the mobile 
15 station, and 

said second location estimator does not perform any 
said global positioning technique; 
first supplying said first location estimator with first 
corresponding data obtained from wireless signal 
20 measurements communicated between said particular mobile 
station and one or more of said plurality of transceivers; 

second supplying said second location estimator with 
second corresponding data obtained from wireless signal 
measurements communicated between said particular mobile 
25 station and one or more of said plurality of transceivers; 
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first generating, by said first location estimator, 
first location related information having at least a first 
estimate for said particular mobile station' s location; 

second generating, by said second location estimator, 
second location related information having at least a 
second estimate for said particular mobile station's 
location; 

determining a resulting location estimate of said 
particular mobile station using: (a) a first value obtained 
from said first location related information, and (b) a 
second value obtained from said second location related 
information. 

39. A method for locating a particular wireless 
mobile station using measurements of particular wireless 
signals, wherein at least one. of: said measurements and 
said particular wireless signals are transmitted between 
said wireless mobile station and at least one of a 
plurality of transceivers, wherein said transceivers are 
capable of at least wireless detection of a plurality of 
wireless transmitting mobile stations including said 
particular mobile station, comprising: 

providing a first and second iftobile station location 
estimators, wherein each of said location estimators is 
capable of providing a location estimate for each mobile 
station of at least some of said mobile stations when said 
location estimator is supplied with corresponding data 
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obtained from received wireless signal measurements 
communicated between the mobile station and one or more of 
said plurality of transceivers, wherein: 

said first location estimator performs one or more 
5 coverage area analysis techniques, wherein each 

said coverage area analysis technique determines 
for each of one or more of said mobile stations, 
an area: (i) included in a corresponding coverage 
area for each of one or more of said transceivers 
10 that detect the mobile station, and (ii) excluded 

from a corresponding coverage area for each of 
one or more of said transceivers that can not 
detect the mobile station, and 
said second location estimator does not perform any 
15 said coverage area analysis technique; 

first supplying said first location estimator with first 
corresponding data obtained from wireless signal 
measurements communicated between said particular mobile 
station and one or more of said plurality of transceivers; 
20 second supplying said second location estimator with 

second corresponding data obtained from wireless signal 
measurements communicated between said particular mobile 
station and one or more of said plurality of transceivers; 
generating, by said first and a second of said location 
25 estimators, respectively, first and second different 
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initial location estimates of said particular mobile 
station; 

determining a location estimate of said particular 
mobile station as a function of at least one of: (a) said 
5 first and second initial location estimates, and (b) a 
rating of said first and second initial location estimates- 
40. A method for locating a wireless mobile station 
capable of wireless communication with a plurality of base 
stations , comprising : 

providing a plurality of mobile station location 
estimators, wherein said location estimators provide 
different location estimates of said mobile station when 
said location estimators are supplied with location 
information derived from signal measurements that are 
15 transmitted between said mobile station and said plurality 
of base stations; 

receiving measurements of wireless signals transmitted: 
(a) from one or more global positioning satellites, and (b) 
between said wireless mobile station and said plurality of 
20 base stations; 

first generating, by a first of said location 
estimators, a first time series of one or more location 
estimates of said mobile station when at least a portion of 
said measurements are obtained for global positioning 
25 satellite signals; 
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second generating , by a second of said location 
estimators, a second time series of one or more location 
estimates of said mobile station when at least a portion of 
said measurements provide measurements of wireless signals 
transmitted between said mobile station and at least one of 
base stations of said plurality of base stations; 

determining a resulting time series of one or more 
resulting location estimates of said mobile * station, 
wherein for each time of said resulting time series when 
one of said resulting location estimates is derived, said 
derivation uses at least one location estimate: (a) that is 
most recently generated by said first location estimator, 
and (b) that is most recently generated by said second 
location estimator. 

41. A method as claimed in Claim 40, wherein said 
step of determining includes: 

establishing a priority between said first initial 
location estimate and said second initial location 
estimate • 

42. A method as claimed in Claim 41, wherein said 
step of establishing includes obtaining a confidence value 
corresponding to at least one of said first initial 
location estimate and said second initial location 
estimate, wherein each said confidence value is indicative 

5 of a likelihood of said mobile station being its said 
corresponding initial location estimate. 
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43. A method as claimed in Claim 41, wherein said 
step of establishing includes using a first time value 
associated with said first initial location estimate, and 
a second time value associated with said second initial 

5 location estimate. 

44. A method as claimed in Claim 40, wherein said 
step of determining includes preferring said first initial 
location estimate over said second initial location 
estimate when both are available for substantially a same 

10 location of said mobile station. 

45. A method as claimed in Claim 40, wherein said 
step of receiving includes receiving a first portion of 
said measurements in a first time period and a second 
portion of said measurements in a second time period 

15 different from said first time period, wherein said first 
portion is obtained from a global positioning satellite, 
and said second portion is derived from wireless signals 
transmitted between said mobile station and at least one of 
base station of said first plurality of base stations. 

46. A method as claimed in Claim 40, wherein said 
mobile station is in a vehicle and said step of determining 
uses deadreckoning estimates of changes in the location of 
the vehicle. 

47. A method as claimed in Claim 40, wherein said 
step of determining includes evaluating one or more 
constraints related to one or more of: a velocity of said 
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mobile station, an acceleration of said mobile station, an 
estimated location of said mobile station in relation of a 
terrain of said estimated location. 
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